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Introduction 

Transgenic  mice  that  overexpress  human  AChE-S  in  central  nervous  system  tissues  (Beeri  et  al., 

1 995)  have  now  been  found  to  also  have  elevated  levels  of  murine  AChE-R;  and  an  antisense 
oligonucleotide  (AS-ON)  (Seidman  et  al.,  1999)  depresses  synthesis  of  the  murine  AChE-R 
variant  and  its  tissue  levels.  These  two  tools  have  allowed  us  to  demonstrate  the  importance  of 
AChE-R  in  several  model  systems  and  the  utility  of  the  antisense  approach  for  controlling  the 
levels  of  this  variant.  In  phaeochromocytoma  (PC  1 2)  cells,  the  levels  of  AChE-R  mRNA  and  of 
AChE-R  itself  were  rapidly  depressed  by  treatment  with  the  AS-ON.  Extremely  low  levels  of  the 
AS-ON,  in  the  nanomolar  range,  were  effective,  and  were  non-cytotoxic  by  several  criteria 
(Galyam  et  al.,  2001).  Chronic  exposure  of  mice,  both  control  and  the  transgenic  mice,  to  sub- 
lethal  doses  of  the  organophosphate,  DFP,  caused  proliferation  of  their  neuromuscular  junctions, 
which  was  prevented  by  treatment  with  the  AS-ODN  (Lev-Lehman  et  al.,  2000).  These 
transgenic  mice  perform  poorly  in  a  test  of  short-term  memory  (Beeri  et  al.,  1997).  Their 
performance  is  markedly,  if  only  temporarily,  improved  by  injection  the  AS-ON  into  their  brains. 
The  same  AS-ON  corrects  the  electrophysiological  defects  of  experimental  autoimmune 
myasthenia  gravis  in  rats  and  improves  their  performance  in  a  test  of  stamina.  In  these  animals, 
administration  of  the  AS-ON  was  attempted  by  z'.v.  injection  and  orally;  surprisingly,  both  routes 
of  administration  were  successful. 

Creation  of  novel  antibodies  selective  for  the  C-terminal  peptides  that  are  unique  to  the  S  and  R 
variants  of  AChE  (Flores-Flores  et  al.,  2001)  enabled  us  to  test  their  cell-type  specific  expression 
patterns.  In  human  umbilical  cord  stem  cells,  surface  AChE-S  is  associated  with  monocytic 
lineages  whereas  AChE-R  is  associated  with  granulocytes.  This  suggests  that  myelopoietic 
differentiation  is  accompanied  by  a  shift  in  AChE  pre-mRNA  splicing. 

An  additional  model  system,  a  transgenic  mouse  that  overexpresses  human  AChE-R  (Stemfeld  et 
al.,  2000)  has  been  useful  in  exploring  the  role  of  this  protein  in  stress-dependent  male  infertility. 
The  transgenic  mice,  like  stressed  normal  mice,  had  characteristically  lower  sperm  counts,  lower 
levels  of  AChE-R  in  sperm  heads,  reduced  motility  and  lower  seminal  gland  weight,  emphasizing 
the  importance  of  the  central  role  of  the  AChE-R  variant  in  yet  another  stress-associated  function 
(Mor  et  al.,  2001). 

There  is  good  reason  to  suspect  a  locus  on  chromosome  7  as  contributing  to  the  occurrence  of 
autism.  Accordingly,  the  frequency  of  a  deletion  in  the  promoter  region  of  the  ACHE  gene  was 
assessed  among  a  population  of  616  normal  and  190  autistic  individuals  in  the  USA  (in 
collaboration  with  John  Gilbert  of  Duke  University).  However,  perhaps  because  of  the  low 
incidence  of  the  mutation,  no  significant  difference  in  frequency  was  noted. 

We  were  able  to  take  advantage  of  having  on  sabbatical  leave  in  our  laboratory,  an  expert  from 
the  University  of  Illinois  on  honey  bee  behavior.  Therefore  we  were  able  to  use  these  animals  as 
yet  another  test  system  in  which  to  study  the  effects  of  AChE  and  its  inhibition  by  an  anti- AChE 
agent,  on  learning.  Consistent  with  studies  in  other  model  systems,  moderate  reduction  of  AChE 
accompanied  behavioral  maturation,  and  mild  exposure  to  metrifonate,  a  carbamate  anti-AChE 
supported  an  enhancement  of  learning  (Shapira  et  al.,  2001). 

Below  are  enumerated  the  work  tasks  that  were  undertaken: 
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•  task  1:  characterize  the  sensory,  cognitive  and  neuromotor  consequences  of  a  transgenic 
excess  in  AChE  variants. 

•  task  2:  employ  transgenic  mouse  models  with  up  to  300-fold  differences  in  peripheral  AChE 
levels  for  demonstration  of  direct  correlation  between  AChE  dosage  and  protection  from 
stress  and  chemical  warfare  agents  and  to  test  their  responses  to  pyridostigmine 
administration. 

•  task  3:  develop  RT-PCR  tests  in  peripheral  blood  cells  of  model  animals,  and  additional 
surrogate  markers,  for  follow-up  of  responses  and  protection. 

•  task  4:  adapt  such  tests  to  use  in  humans  following  accidental  exposure  to  agricultural  anti- 
ChEs. 

•  task  5:  employ  the  transgenic  mouse  models  to  test  effects  of  sudden  changes  in  AChE  levels 
at  all  the  above  sites  and  functions. 

•  task  6:  delineate  the  protein  partners  through  which  AChE  exerts  non-catalytic  signals  which 
lead  to  delayed  symptoms. 

•  task  7:  develop  tetracycline-inducible  animal  models  in  which  AChE  activity  can  be  induced 
or  antisense-suppressed  at  will. 

•  task  8:  continue  the  search  for  promoter  sequence  polymorphisms  which  lead  to  natural 
variations  in  human  AChE  levels  and  correlate  them  with  responses  to  anti-ChEs. 

•  task  9:  expedite  transgenic  models  for  production  from  milk  of  recombinant  human  AChE, 
as  a  potential  scavenger. 

Work  on  task  4  involved  the  training  of  a  neurologist,  Dr.  Tatiana  Vender  of  Soroka  Hospital 
(Beersheva),  in  DNA  extraction  and  PCR  amplification  and  in  AChE  enzyme  assays.  The 
experimentation  itself  has  been  awaiting  approval  of  human  studies.  As  this  report  was  being 
compiled,  this  approval  was  granted  conditional  upon  compliance  with  several  requests.  The 
notification  of  this  conditional  approval  is  appended  (letter  from  Col.  J.K.  Zadinsky,  20  July 
2001).  Work  on  task  9  was  reported  in  the  previous  annual  report;  and  work  on  task  7  is  in 
progress. 

In  the  pages  that  follow,  progress  in  tasks  1,  3,  5,  6,  7  and  8  is  reported. 
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Neuronal  overexpression  of  "readthrough"  acetylcholinesterase  is  associated 
with  antisense-suppressible  behavioral  impairments  (task  1) 

Social  behavior  is  a  complex  phenotype,  composed  of  the  individual's  general  level  of 
activity,  cognitive  perception  and  anticipation  of  the  outcome  of  such  behavior  (Carlson, 
1994).  Working  and  storage  memory  and  the  ability  to  integrate  information  can  also 
contribute  towards  social  behavior,  which  is  tightly  linked  to  cholinergic  neurotransmission. 
For  example,  the  hypocholinergic  features  of  Alzheimer's  disease  (AD)  patients  include 
aggressive  behavior  and/or  avoidance  of  novel  social  challenges  (Cummings  and  Back, 
1998),  as  well  as  fears  of  social  interactions  alleviated  by  treatment  with  anticholinesterases 
(Giacobini,  2000).  Surprisingly,  anticholinesterases,  e.g.  tacrine  (tetrahydroaminoacridine, 
Cognex™,  Parke-Davis),  donepezil  (Aricept™,  Pfizer),  rivastigmine  (Exelon™,  Novartis) 
and  galantamine  (Reminyl™,  Janssen),  were  reported  to  cause  more  pronounced 
improvement  in  more  severely  affected  patients.  To  explain  the  molecular  basis  of  this 
phenomenon,  re-evaluation  is  needed  of  the  linkage  between  cholinergic  neural  pathways, 
social  behavior  and  acetylcholinesterase  (AChE). 

Both  anticholinesterase  exposure  and  stressful  insults,  i.e.  confined  swim,  induce  in  the 
mammalian  brain  a  rapid  c-fos  elevation  that  mediates  muscarinic  responses  and  subsequent 
ACHE  overexpression  (Kaufer  et  al.,  1998).  A  stress-associated  switch  in  alternative  splicing 
(Xie  and  McCobb,  1998;  Kaufer  and  Soreq,  1999)  diverts  AChE  from  the  major,  "synaptic" 
AChE-S  to  the  normally  rare  "readthrough"  AChE-R  variant  (Grisaru  et  ah,  1999).  The 
distinctive  non-catalytic  activities  of  these  AChE  isoforms  (Stemfeld  et  ah,  2000),  suggest 
links  between  AChE-R  accumulation  and  behavioral  anticholinesterase  responses. 

Transgenic  (Tg)  mice  overexpressing  human  (h)  AChE-S  in  brain  neurons  are  amenable  to 
pursuit  of  this  linkage.  These  mice  present  ,  early-onset  loss  of  learning  and  memory 
capacities  (Beeri  et  ah,  1995),  progressive  dendritic  depletion  (Beeri  et  ah,  1997),  stress- 
related  neuropathology  (Stemfeld  et  ah,  2000),  and  modified  anxiety  responses  (Erb  et  ah, 
2001).  However,  their  social  behavior  and  psychological  stress  responses  have  not  yet  been 
addressed. 

AChE-S  Tg  mice  constitutively  overexpress  AChE-R  mRNA  in  their  intestinal  epithelium. 
When  exposed  to  an  organophosphate  anticholinesterase  (DFP),  they  fail  to  increase  further 
the  already  overproduced  AChE-R,  and  present  extreme  DFP  sensitivity.  Humans  with 
inherited  AChE  overexpression  are  likewise  hypersensitive  to  the  anticholinesterase 
pyridostigmine  (Shapira  et  ah,  2000).  Our  working  hypothesis  postulated  that  at  appropriate 
levels,  AChE-R  accumulation  in  response  to  stress  restores  normal  cholinergic  activity  and 
social  behavior.  However,  under  chronic  stress,  acute  anti-AChE  treatment  or  exposure,  or  in 
individuals  with  inherited  AChE  excess,  AChE-R  increases  to  a  limit  beyond  which  their 
cholinergic  system  cannot  further  respond  and  impaired  social  behavior  is  a  result. 

To  test  this  hypothesis,  we  ascertained  whether  (a)  AChE-S  Tg  mice  display  excessive 
response  to  a  mildly  stressful  stimulus,  a  switch  in  the  day/night  cycle  (Suer  et  ah,  1998),  (b) 
examined  AChE-R  expression  in  the  brain  neurons  of  AChE-S  Tg  mice;  and  (c)  studied  the 
social  recognition  behavior  (Thor  and  Holloway,  1982)  of  AChE-S  Tg  mice  before  and  after 
administration  of  tacrine  or  AS3,  an  antisense  oligonucleotide  (AS-ON)  shown  to  selectively 
suppress  AChE-R  production  (Shohami  et  ah,  2000).  Our  findings  demonstrate  constitutive 
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mAChE-R  accumulation  with  inter-animal  variability  in  brain  neurons  of  hAChE-S  Tg  mice, 
associated  with  an  exaggerated  response  to  changes  in  circadian  rhythm,  and  impaired  social 
recognition,  which  are  amenable  to  effective  AS-ON  suppression. 

Materials  and  Methods 

Animals:  AChE-S  Tg  mice  were  obtained  in  a  100%  FVB/N  genotype  from  heterozygous 
breeding  pairs  (Beeri  et  ah,  1995).  Control,  non-Tg  FVB/N  mice  were  obtained  by  littermate 
breeding.  Adult,  8-20  wk  old  Tg  and  control  male  mice  were  housed  4-5/cage  in  a  12  hr 
dark/light  cycle  with  free  access  to  food  and  water.  All  experiments  were  conducted  during 
the  first  half  of  the  dark  phase  of  a  reversed  12  hr  dark/light  cycle,  under  dim  illumination. 
Routine  locomotor  activity  in  the  home  cage  was  measured  using  a  remote  motility  detector 
(MFU  2100,  Rhema-Labortechnik,  Hofheim,  Germany)  to  quantify  changes  in  the 
electromagnetic  field. 

Telemetric  measurements:  Battery  operated  biotelemetric  transmitters  (model  VM-FH,  Mini 
Mitter,  Sun  River,  OR,  USA)  were  implanted  in  the  peritoneal  cavity  under  ether  anesthesia 
12  days  prior  to  the  test.  After  implantation,  mice  were  housed  in  separate  cages  with  free 
access  to  food  and  water.  Output  was  monitored  by  a  receiver  board  (model  RA-1010,  Mini 
Mitter)  placed  under  each  animal's  cage  and  fed  into  a  peripheral  processor  (BCM  100) 
connected  to  a  desktop  computer.  Locomotor  activity  after  the  dark/light  shift  was  measured 
by  detecting  changes  in  signal  strength  as  animals  moved  about  in  their  cages,  so  that  the 
number  of  pulses  that  were  generated  by  the  transmitter  was  proportional  to  the  distance  the 
animal  moved.  The  cumulative  number  of  pulses  generated  over  the  noted  periods  was 
recorded  (Yirmiya  et  al.,  1997).  Recording  lasted  24  consecutive  hrs,  starting  at  9:30  am, 
with  the  light  phase  of  a  12:12  hr  dark  /  light  cycle  beginning  at  7:00  a.m.  To  initiate  a 
day/night  switch,  the  dark/light  periods  were  reversed  and  recording  started  72  hr  after  the 
switch  and  lasted  24  hr.  Following  intraperitoneal  injection  of  AS-ONs  (see  below),  recording 
proceeded  for  an  additional  3  hr. 

Social  exploration  tests:  Each  mouse  was  placed  in  a  semicircular,  transparent  observation 
box  and  allowed  15  min  for  habituation,  following  which  a  juvenile  male  mouse  (23-29  days 
old)  was  introduced.  The  time  spent  by  the  experimental  mouse  in  social  exploration 
consisted  mainly  of  body  and  anogenital  sniffing,  chasing,  attacking  and  crawling  over  the 
juvenile.  Measurements  covered  a  4-min  period,  using  a  computerized  event  recorder.  Each 
mouse  underwent  2  successive  social  exploration  sessions  at  the  noted  inter-session  intervals. 
The  first  session  was  considered  as  baseline.  In  the  second  session  (test),  either  the  same  or  a 
different  juvenile  was  introduced.  Social  recognition  was  calculated  as  percentage  of  tested 
out  of  baseline  exploration  time  recorded  for  each  mouse. 

In  situ  hybridization  and  AChE  activity  measurements:  Animals  were  sacrificed  by 
cervical  dislocation,  and  brains  were  removed  and  dissected  or  fixed  for  in  situ  hybridization. 
AChE  activity  was  measured  in  hippocampus,  cortex  and  cerebellum  extracts  as  described 
(Stemfeld  et  al.,  1998).  Protein  determination  was  performed  using  a  detergent-compatible  kit 
(DC,  Bio-Rad,  Miinchen,  Germany).  Immunoblot  detection  of  specific  AChE  isoforms  was  as 
reported  (Shohami  et  al.,  2000). 

For  in  situ  hybridization,  5  pm  paraffin  sections  of  brain  tissue  were  prepared  after  fixation  by 
transcardial  perfusion  of  anaesthetized  mice  with  4%  paraformaldehyde  in  PBS  (pH  7.4).  A 
50-mer  fully  2'-0-methylated  5'-biotinylated  AChE-R  cRNA  probe  was  applied  as  described 


7 


(Kaufer  et  al.,  1998).  Following  probe  detection  with  a  streptavidin-alkaline  phosphatase 
conjugate  (Amersham  Pharmacia  Biotech  Ltd.,  Little  Chalfont,  UK)  and  Fast  Red  as  the 
reaction  substrate  (Roche  Diagnostics,  Mannheim,  Germany),  micrographs  of  hippocampal 
and  cortical  neurons  were  subjected  to  semi-quantitative  evaluation  of  Fast  Red  staining. 
Mean  signal  intensities  of  light  micrographs  (taken  with  a  Real- 14  color  digital  camera,  CRI, 
Boston,  MA,  USA)  were  analyzed  using  Image  Pro  Plus  (Media  Cybernetics,  Silver  Spring, 
MD,  USA)  image  analysis  software.  The  mean  intensity  of  Fast  Red  labeling  was  measured  in 
CA3  hippocampal  and  cortical  neurons  and  corrected  for  background  staining  in  each  picture. 

Immunocytochemistry  of  glial  fibrillary  acidic  protein  (GFAP)  was  performed  as  described 
(Stemfeld  et  al.,  2000).  Briefly,  floating,  formalin-fixed,  30  jim,  coronal  cryostat-sections 
were  pretreated  with  trypsin  (type  II,  Sigma  Chemical  Co.,  St.  Louis,  MO,  USA)  0.001%  for 
1  min.  Sections  were  incubated  overnight  at  4°C  with  a  mouse  anti-glial  fibrillary  acidic 
protein  (GFAP)  antibody  (clone  GA-5,  Sigma-Israel,  Rehovot,  Israel),  diluted  1:500.  Then 
sections  were  incubated  overnight  at  4°C  with  horseradish  peroxidase-labeled  goat-anti¬ 
mouse  antibody  (Sigma-Israel),  diluted  1:100.  Color  was  developed  by  reaction  with 
diaminobenzidine  0.0125%,  nickel  ammonium  sulfate  0.05%  and  hydrogen  peroxide 
(0.00125%).  The  development  time  of  the  DAB  reaction  product  was  controlled  by  stopwatch 
to  ensure  comparability  between  experiments.  Sections  were  counterstained  with  cresyl  violet. 

Quantitative  analysis  of  the  hippocampal  stratum  lacunosum  moleculare  (SLM)  was 
performed  at  the  level  of  posterior  2.5  mm  from  bregma.  Using  a  40x  objective,  consecutive 
fields  of  the  SLM  were  visualized  with  a  Nikon  microscope  and  processed  using  an  AnalySIS 
image  analysis  system.  A  total  of  35  astrocytes  were  sampled  from  each  group  (control  vs. 
Tg).  The  variables  that  were  compared  were  intensity  of  staining  of  the  soma  (arbitrary  units 
from  a  range  of  256  shades  of  gray),  soma  size  (pm2),  and  thickness  of  the  largest  process  of 
each  astrocyte  at  the  process  stem  (pm).  Statistical  comparisons  were  made  using  Student’s  t- 
test,  with  68  degrees  of  freedom. 

Considerations  for  designing  antisense  tests:  In  vivo  antisense  suppression  of  de  novo 
AChE-R  synthesis  was  employed  throughout  the  current  study  to  provide  a  proof  of  concept 
(i.e.  demonstrate  the  causal  involvement  of  the  secretory,  soluble  mAChE-R  variant  in  the 
excessive  locomotor  activity  and  the  impaired  social  recognition  of  Tg  mice).  Two  types  of 
experiments  were  performed:  (1)  intracerebroventricular  ( i.c.v .)  AS3  injection  of  animals 
subjected  to  longitudinal  social  exploration  tests  (up  to  one  week  post-treatment)  and  (2)  i.c.v. 
injection  followed  by  1-day  social  exploration  test,  immunochemical  detection  and 
measurement  of  catalytic  activity  of  brain  AChE.  Both  of  these  were  associated  with  certain 
inherent  limitations,  as  is  detailed  below,  yet  each  test  provided  evidence  to  support  part  of 
the  explored  concept. 

Intracranial  AS-ON  injection  is  inherently  more  powerful  when  centrally  controlled 
behavioral  parameters  are  sought;  limitations  in  this  case  involve  the  duration  of  tests  (as  the 
animals  are  all  at  a  post-surgery  state)  and  the  requirement  to  control  for  the  outcome  of  this 
surgical  procedure  in  addition  to  the  behavioral  test  itself.  To  avoid  excessive  complications, 
we  refrained  from  employing  double  operations  (and,  therefore,  could  not  use  telemetric 
measurements,  which  require  transmitter  implantation,  on  i.c.v. -injected  animals). 

The  experimental  controls,  as  well,  were  chosen  after  careful  consideration.  Each  test  should 
involve  both  Tg  and  control  animals,  as  well  as  sham  treatment  (injection  of  either  saline  or 
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an  irrelevant  oligonucleotide)  and  comparison  between  pre-  and  post-treatment  phenotypes. 
Whenever  possible,  animals  were  self-compared,  requiring  careful  time-of-day  comparisons; 
in  other  cases,  groups  of  animals  with  similar  pre-treatment  behavior  patterns  were  compared 
to  each  other  with  regard  to  the  efficacy  of  the  antisense  treatment.  Neither  of  these  tests  is 
conclusive  by  itself,  however,  their  cumulative  outcome  substantially  supported  the 
possibility  of  employing  antisense  knockdown  in  careful  behavioral  tests. 

Cannula  implantation:  Mice  under  sodium  pentobarbital  anesthesia  (50  mg/Kg,  i.p.)  were 
placed  in  a  stereotaxic  apparatus.  Skulls  were  exposed  and  a  burr  hole  was  drilled. 
Implantation  was  with  a  26-gauge  stainless  steel  guide  cannula  (Plastics-One  Inc.,  Roanoke, 
VA,  USA).  The  tip  of  the  guide  cannula  was  positioned  1  mm  above  the  left  lateral  ventricle 
according  to  the  following  coordinates:  A:  -0.4  -0.66*  (bl-3.8),  (bl  =  bregma-lamda);  L:  1.5; 
D:  -2.2.  The  guide  cannula  was  secured  to  the  skull  with  3  stainless-steel  screws  and  dental 
cement,  and  was  closed  by  a  dummy  cannula.  Mice  were  housed  in  individual  cages  and 
allowed  postoperative  recovery  of  10-14  days  before  experiments. 

Preparation  of  AS-ON:  For  i.c.v.  injection,  2'-0-methyl  protected  (three-3’  nucleotides) 
oligonucleotides  (5  pM)  targeted  against  murine  AChE  (AS3)  or  BuChE  (ASB)  mRNA 
(Shohami  et  al.,  2000)  were  combined  with  13  pM  of  the  lipophilic  transfection  reagent 
DOTAP  (Roche  Diagnostics)  in  PBS  and  incubated  for  15  min  at  37°C  prior  to  injection.  One 
pi  (25  ng)  of  this  oligonucleotide  solution  was  injected  in  each  treatment. 

I.c.v.  administration  of  AS-ON:  For  intracranial  microinjections,  solutions  were 
administered  through  a  33-gauge  stainless  steel  internal  cannula  (Plastic  One  Inc.),  which  was 
1  mm  longer  than  the  guide  cannula.  A  PE20  tube  connected  the  internal  cannula  to  a 
microsyringe  pump  (KD  Scientific  Instruments,  Boulder,  CO,  USA).  Solutions  were 
administered  at  a  constant  rate  during  1  min,  followed  by  1  min  during  which  the  internal 
cannula  was  left  within  the  guide  cannula,  to  avoid  spillage  from  the  guide  cannula.  Correct 
positioning  of  the  cannula  was  verified  following  each  experiment  by  injection  of  trypan  blue 
through  the  cannula  and  testing  dye  distribution  after  removal  of  the  brains. 

Statistical  analysis:  The  results  of  the  in  situ  hybridization  experiment  were  analyzed  by  a  t- 
test.  The  results  of  the  circadian  shift  (Figure  3C)  were  analyzed  by  a  three-way,  repeated 
measures  ANOVA  (genotype  x  day  (routine/reversed)  x  circadian  phase  (dark/light)).  The 
results  of  the  social  recognition  test  (Figure  4)  were  analyzed  by  a  three-way,  repeated 
measures  ANOVA  (genotype  x  stimulus  animal  (same  or  different  juvenile)  x  intersession 
interval).  The  results  of  the  experiment  on  tacrine’s  effect  on  social  recognition  (Figure  5) 
were  analyzed  by  a  three-way  ANOVA  (genotype  x  stimulus  animal  (same  or  different 
juvenile)  x  drug  (tacrine/saline)).  The  results  of  the  effect  of  AS3  on  social  recognition 
(Figure  6B)  were  analyzed  by  a  two-way,  repeated  measures  ANOVA  (pretreatment 
(short/long  explorers)  x  time  (days  after  injection)).  The  results  of  the  specificity  of  AS3 
effect  (Figure  7)  were  analyzed  by  a  three-way  ANOVA  (genotype  x  drug  (AS3/ASB)  x  time 
(before/after  the  treatment)).  All  ANOVAs  were  followed  by  post-hoc  tests  with  the  Fisher 
PLSD  procedure. 


Results 

Transgenic  mice  overexpress  host  AChE-R:  To  explore  the  specific  contribution  of  variant 
AChE  mRNA  transcripts  towards  neuronal  ACHE  gene  expression,  Tg  mice  overexpressing 
hAChE-S  in  the  nervous  system  were  tested  by  high  resolution  in  situ  hybridization  using 
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cRNA  probes  selective  for  each  of  the  two  major  AChE  variants.  Excessive  labeling  was 
observed  in  hAChE-S  Tg  mice  as  compared  with  controls  in  which  hybridization  was 
performed  with  the  AChE-S  selective  probe.  This  was  consistent  with  the  expected 
cumulative  contribution  of  the  overexpressed  human  transgene  and  the  host  mouse  (m)AChE- 
S  mRNA  transcript  (Beeri  et  al.,  1995;  Beeri  et  ah,  1997).  However,  hAChE-S  Tg  mice  also 
displayed  variably  excessive  labeling  with  the  AChE-R  cRNA  probe,  decorating  mouse 
(m)AChE-R  mRNA.  Figure  1  presents  a  representative  micrograph  of  mAChE-R  mRNA 
overexpression  in  the  cortex  and  hippocampus  of  a  Tg  as  compared  to  a  control  mouse. 
Neuronal  mAChE-R  mRNA  overproduction  in  these  Tg  mice  was  heterogeneous  in  its  extent, 
yet  significantly  higher  than  that  in  control  mice.  Analysis  of  Fast  Red  staining  showed  an 
increase  from  an  average  of  20  ±  3  arbitrary  intensity  units  (±  standard  error  of  the  mean, 
S.E.M.)  in  5  control  animals  to  41  ±  5.5  in  6  transgenics  (t  (9)  =  10.27,  p<  0.05).  This 
suggested  an  inherited  predisposition  to  constitutive  AChE-R  overproduction  in  Tg  mice. 
Because  AChE-R  overproduction  is  associated  with  psychological  stress,  this  further  called 
for  evaluating  its  neuroanatomical  and  behavioral  manifestations. 
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Figure  1:  Intensive  neuronal  AChE-R 
mRNA  expression  in  Tg  mice  Shown  are 
representative  micrographs  of  in  situ 
hybridization  in  parietal  cortex  (Ai,  Bi)  and 
hippocampus  (A2,  B2)  using  an  AChE-R  cRNA 
probe  and  Fast  Red  detection.  Insets:  schematic 
drawing  (top)  or  low-magnification 
micrograph  (bottom)  presenting  the  location  of 
higher  magnification  micrographs  in  the  cortex 
and  hippocampal  CA3  region.  Note  the  intense 
AChE-R  expression  in  cortical  and 
hippocampal  neurons  of  Tg  mice. 
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Hypertrophy  in  hippocampal  astrocytes  reflects  elevated  stress  in  hAChE-S  Tg  mice: 

Immunocytochemical  labeling  of  glial  fibrillary  acidic  protein  (GFAP)  was  used  in  search  of 
an  independent  parameter  for  evaluating  the  stress-prone  state  of  hAChE-S  Tg  mice. 
Hippocampal  astrocytes  are  known  from  previous  studies  to  be  sensitive  to  various  forms  of 
stress  (Laping  et  al.,  1994;  Sirevaag  et  al.,  1991).  This  property  is  manifest  in  morphological 
changes,  increased  size  of  cell  soma  and  of  astrocytic  processes  collectively  called 
“hypertrophy”  and  which  is  accompanied  by  increased  expression  of  GFAP.  The  hippocampal 
SLM  is  particularly  enriched  in  astrocytes,  which  appeared  to  be  hypertrophic  in  hAChE-S  Tg 
mice  (Figure  2,  B,D)  as  compared  to  age-matched  controls  (Figure  2,  A,C).  Astrocytes  in 
other  regions,  such  as  cortex  appeared  unchanged  (Figure  2,  E,F).  Figure  2  presents  this 
selective  hippocampal  change,  which  is  generally  considered  to  reflect  the  cumulative  load  of 
stressful  insults  in  the  mammalian  brain  and  is  frequently  associated  with  impaired  cognitive 
and  behavioral  properties  (McEwen  and  Sapolsky,  1995). 
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Control  hAChE-STg 


Figure  2:  Intensified  GFAP  staining  in 
hypertrophic  hippocampal  astrocytes  of 
hAChE-S  Tg  mice.  Shown  are  light 
microscopy  micrographs  of  GFAP 
immunocytochemical  staining  in  the  brain  of 
control  (A,C,E)  and  Tg  (B,  D,  F)  mice.  Note 
the  intensified  cell  body  staining  in 
hippocampal  (A-D)  but  not  in  cortical 
astrocytes  (E,F)  and  the  thickened  process 
extensions  in  the  transgenics'  astrocytes. 


Intensity  of  staining  of  GFAP-like  immunoreactivity  in  the  astrocytic  soma  was  significantly 
higher  in  Tg  mice  (176.3  ±  4.0,  arbitrary  units)  compared  to  control  mice  (147.8  ±  3.5,  t  =  5.3, 
p<0.0001).  Cross-sectional  area  of  the  astrocytic  soma  was  significantly  increased  in  Tg  (45.9 
±  1.4  pm2)  compared  to  control  mice  (35.4  ±  1.5,  t  =  5.16,  p<  0.0001).  The  stem  thickness  of 
the  large  astrocytic  process  was  greater  in  Tg  mice  (1.75  ±  0.05  pm)  compared  to  control 
mice  (1.32  ±  0.05,  t  =  6.21,  p<0.0001).  Taken  together,  these  data  form  a  picture  of  20-30% 
hypertrophy  in  hippocampal  astrocytes  of  hAChE-S  Tg  mice,  consistent  with  the  earlier 
reports  of  stress-associated  and  pathology-associated  astrocytic  hypertrophy  (Laping  et  al., 
1994;  Sirevaag  et  al.,  1991). 

AChE  overexpression  predisposes  to  hypersensitivity  to  changed  circadian  cycle: 

Behavioral  differences  between  Tg  and  control  mice  were  first  sought  by  recording 
locomotion  patterns.  Under  routine  conditions,  both  genotypes  displayed  similar  home  cage 
activity  (Figure  3A).  Their  circadian  rhythms  included,  as  expected,  significantly  more 
frequent  and  pronounced  locomotor  activity  during  the  dark  phase  of  the  circadian  cycle  (F 
(1,24)  =18.16,  p<0.001)  (summarized  in  Figure  3C).  Seventy-two  hr  following  reversal  of  the 
light/dark  phases  both  genotypes  lost  most  of  the  circadian  rhythm  in  their  locomotor  activity, 
as  reported  by  others  (Hillegaart  and  Ahlenius,  1994),  but  presented  distinctive  behavioral 
patterns  (Figure  3B  and  3C).  After  the  shift,  hAChE-S  Tg  mice  showed  a  general  increase  in 
activity,  which  was  reflected  in  a  significant  genotype  by  day  (routine  vs.  reversed) 
interaction  (F  (1,24  =  4.68,  p<0.05).  Post-hoc  tests  demonstrated  in  Tg  mice  significantly 
increased  activity  in  the  reversed  cycle  (compared  with  activity  in  the  routine  cycle),  both 
during  the  dark  and  the  light  phases  (p<0.05).  In  addition,  activity  in  the  dark  phase  of  the 
reversed  cycle,  was  significantly  greater  in  Tg  compared  with  control  mice.  These  findings 
indicate  that  adjustment  to  the  circadian  insult  was  markedly  impaired  in  Tg  mice,  suggesting 
that  these  mice  display  a  genetic  predisposition  to  abnormal  responses  to  changes  in  the 
circadian  rhythm.  The  transgenics’  intensified  activity  was  found  to  be  suppressed  for  a  short 
time  (<  3  hr)  by  i.p.  administration  of  AS-ONs  targeted  to  the  common  domain  shared  by  all 
AChE  mRNA  variants  (preliminary  data,  data  not  shown). 
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A  Routine  Cycle 


Figure  3:  Spontaneous 
locomotor  activity  of 
control  and  Tg  mice  under 
routine  dark/light  cycle 
and  following  cycle 
reversal. 

Locomotor  activity  was 
detected  by  biotelemetric- 
recorded  movements  for  24 
hr  and  is  displayed  as 
percent  of  the  mean 
movements  per  mouse  per 
hr.  Shaded  areas  in  the 
figure  indicate  the  dark 
phases  of  the  light/dark 
cycle.  A,  routine  cycle;  B, 
shifted  cycle;  C.  summated 
activity  intensification. 
Shown  are  values  of 
locomotor  activity  during 
the  dark  and  light  phases  in 
the  daily  cycle  for  Tg  and 
age-matched  control  mice 
under  routine  and  reversed  cycles.  *Significantly  different  from  the  corresponding  group  in 
the  routine  condition  (p<0.05).  fSignificantly  different  from  Tg  mice  in  the  dark  phase  of  the 
reversed  condition. 

Impaired  social  recognition  due  to  AChE  excess:  In  the  social  recognition  paradigm, 
control  mice  could  recognize  a  previously  encountered  (“same”)  juvenile.  This  is  manifest  as 
a  reduction  in  exploration  time  in  the  second  exposure  of  the  mice  to  the  same,  but  not  to  a 
different  juvenile,  provided  that  the  time  interval  from  the  end  of  the  first  encounter  with  that 
juvenile  to  the  beginning  of  the  memory  test  did  not  exceed  15  min.  As  expected,  this 
memory  decayed  with  increased  intersession  interval.  In  contrast,  Tg  mice  tended  to  explore 
the  previously  introduced  juvenile  longer  than  control  mice  and  did  not  display  social 
recognition  even  after  a  short  interval  of  5  min  (Figure  4).  These  findings  were  reflected  by  a 
significant  statistical  interaction  between  the  genotype  (control  vs.  Tg)  and  the  stimulus 
juvenile  (same/different)  (F  (1,76)  =  9.93,  p<0.01).  In  Tg  mice,  post-hoc  analysis  revealed 
significant  reduction  in  exploration  time  only  when  Tg  mice  were  tested  immediately  after  the 
baseline  (0  interval)  with  the  same  juvenile.  These  results  are  consistent  with  the  cholinergic 
modulation  of  social  recognition  behavior  (Winslow  and  Camacho,  1995). 
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Figure  4:  Working  memory  deficiency  in  Tg  mice 

Shown  is  percent  of  baseline  social  exploration  time  for  8-11 
wk  old  Tg  and  control  male  mice  as  a  function  of  the 
intersession  interval.  Average  baseline  exploration  time  was 
143  ±  5  and  153  ±  5  (sec  ±  S.E.M.)  for  transgenics  (n  =  42) 
and  control  mice  (n  =  48),  respectively.  Asterisks  mark 
significant  reductions  of  exploration  time  toward  the  same 
juvenile  (p  <0.05),  as  compared  to  a  different  juvenile,  i.e. 
short-term  working  memory.  Increased  exploration  time  of  the 
same  juvenile  with  increasing  intersession  intervals  reflects 
time-dependent  decay  in  the  working  memory  of  control  mice. 
After  a  5  min  interval,  Tg  mice  displayed  no  reduction  in 
exploration  time  toward  the  same  juvenile,  indicating  that  they 
did  not  remember  the  same  mouse  for  even  5  min. 


The  reversible  AChE  inhibitor,  tacrine,  has  been  clinically  used  for  blocking  acetylcholine 
hydrolysis  and  extending  the  impaired  memory  of  Alzheimer’s  disease  patients  (Giacobini, 
2000).  Therefore,  we  tested  the  capacity  of  tacrine  (1.5  mg/Kg),  injected  immediately 
following  a  baseline  encounter  with  a  juvenile  mouse,  to  improve  the  social  recognition  of  Tg 
mice.  Injected  mice  were  tested  with  either  the  same  or  a  different  juvenile  following  a  10- 
min  interval.  As  expected  from  previous  reports  on  the  beneficial  effects  of  tacrine  on  social 
recognition  in  rats  (Gheusi  et  al.,  1994),  injection  of  Tg  mice  with  tacrine  induced  a 
significant  improvement  in  recognition  memory,  with  post-treatment  performance  similar  to 
that  displayed  by  untreated  control  mice.  In  contrast,  Tg  mice  displayed  no  recognition  of  the 
same  juvenile  when  injected  with  saline,  and  non-Tg  control  mice  maintained  unchanged 
recognition  performance  when  injected  with  either  tacrine  or  saline  (Figure  5).  These  findings 
were  reflected  by  a  significant  3-way  interaction  between  the  genotype,  (control/Tg),  the 
stimulus  juvenile  (same/different)  and  the  drug  (tacrine/saline)  (F  (1,52)  =  4.18,  p<0.05).  In  a 
similar  experiment,  in  which  the  injections  preceded  the  social  recognition  test  by  40,  rather 
than  10  min,  tacrine  had  no  effect  in  either  Tg  or  control  mice  (data  not  shown).  Therefore, 
tacrine  facilitated  memory  consolidation  when  administered  during  the  consolidation  process, 
but  did  not  affect  acquisition  of  memory  when  given  in  advance. 


Control 


hAChE-S  Tg 


Figure  5:  Tacrine  improves  working  memory  of 
Tg  mice. 

Presented  is  the  mean  social  exploration  time  ± 
S.E.M.  as  percentage  of  baseline  time  for  29  control 
and  32  Tg  mice  (12-15  wk.  old,  7-8  mice/group) 
where  either  tacrine  (1.5  mg/Kg)  or  saline  (10  ml/Kg 
body  weight)  was  administered  intraperitoneally 
immediately  following  the  baseline  exploration 
period.  The  intersession  interval  was  10  min  for  all 
groups.  Note  the  post-treatment  shortening  of 
explorative  time  of  Tg  mice,  reflecting  improved 
saline  tacrine  saline  tacrine  working  memory.  Asterisks  mark  significant 

reduction  of  exploration  time  toward  the  same  juvenile  (p  <0.05)  as  compared  to  a  different 
juvenile.  #  marks  a  significant  tacrine-induced  reduction  of  exploration  time  toward  the 
different  juvenile  (p  <0.05). 
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Explorative  behavior  is  inversely  correlated  with  brain  AChE  activity:  Apart  from  its 
improvement  of  memory,  tacrine  suppressed  the  exploration  behavior  toward  a  different 
juvenile  in  control  (p<0.05)  but  not  in  Tg  mice.  Decreased  locomotor  activity  under  tacrine 
treatment  was  suggested  to  reflect  cholinergic  mediation  of  social  exploration  behavior 
(Shannon  and  Peters,  1990).  To  further  investigate  this  concept,  control  mice  were  divided 
into  3  equal  groups  (n  =  10),  presenting  short,  intermediate  or  long  exploration  time  of  same 
juveniles.  AChE  activity  was  determined  in  the  cortex  and  hippocampus  of  each  subgroup,  24 
hr  following  social  recognition  tests  of  the  "same"  juvenile  (presented  10  min  following  first 
exposure).  Mice  with  lower  levels  of  cortical  and  hippocampal  AChE  activity  spent  more 
interaction  time  with  the  “same”  juvenile  than  mice  with  high  AChE  activity  levels  (Table  1), 
so  that  their  explorative  behavior  was  inversely  correlated  with  cortical  and  hippocampal 
AChE  activity  levels  (correlation  magnitude,  r  =  -0.49  and  0.41,  respectively).  Compared  to 
shorter  explorers,  longer  explorer  mice  exhibited  a  29%  reduction  in  cortical  AChE  activity, 
corresponding  to  a  >80%  increase  in  social  exploration  time.  The  significance  of  the 
difference  between  the  shorter  and  longer  explorers  was  verified  by  ANOVA  (F  (2,27)  =  4.89, 
p<0.05)  and  post-hoc  tests. 


Table  1 :  Social  exploration  behavior  and  brain  AChE  activities.8 


~  - -  -  I _ _ _ 

exploration  time 

percent  of  baseline 

sDecific  AChE  activitv 

nmol  ATCh  hydrolyzed/min/mg  protein 

hippocampus 

cortex 

total  population 

80  ±4 

87  ±4 

90  ±5 

shorter  exploration  time 

57  ±3 

96  ±6 

104  ±  10 

intermediate  exploration 
time 

78  ±2 

95  ±6 

92  ±  10 

longer  exploration  time 

104  ±3 

71  ±  7** 

74  ±8* 

“Control  FVB/N  male  mouse  population  (n  =  30)  (3-5  months)  was  divided  into  three  equal 
groups  (n  =  10)  with  short,  intermediate  and  long  exploration  time  of  the  same  juvenile 
(shown  as  average  ±  S.E.M.  percent  of  baseline).  Intersession  interval  was  10  min  for  all 
groups.  Mice  were  sacrificed  24  hr  after  the  behavior  test  and  AChE  specific  activities  were 
measured  in  hippocampus  and  cortex  extracts.  Asterisks  mark  significantly  lower  AChE 
specific  activity  in  control  long  explorers  as  compared  with  short  explorers  (p  <0.01  for 
hippocampus  and  p  <0.05  for  cortex;  ANOVA  followed  by  post-hoc  tests  with  the  Fisher 
PLSD  procedure). 

The  lack  of  tacrine  effect  on  the  social  recognition  performance  in  control  mice,  and  its 
improvement  effect  on  the  social  recognition  in  transgenics,  with  approximately  50%  excess 
AChE  (Stemfeld  et  al.,  2000),  presented  an  apparent  contradiction  to  the  inverse  correlation 
between  AChE  catalytic  activity  and  social  exploration.  One  potential  explanation  to  this 
complex  situation  was  that  the  inverse  correlation  in  control  mice  reflected  primarily  the 
levels  of  the  synaptic  enzyme  AChE-S;  in  contrast,  the  massive  mAChE-R  excess  in  the  Tg 
brain  could  cause  their  impaired  social  recognition  behavior.  According  to  this  working 
hypothesis,  selective  suppression  of  AChE-R  should  improve  the  social  recognition 
performance.  To  test  this  hypothesis,  we  adopted  i.c.v.  injection  of  AS3  to  prevent  de-novo 
mAChE-R  production  (Shohami  et  al.,  2000).  Mice  were  tested  in  the  social  exploration 
paradigm  once  before  (baseline)  and  then  1,  3  and  6  days  after  2  daily  injections  of  AS3. 
Figure  6A  presents  the  experimental  design  of  these  tests. 
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AS3  improvement  of  social  exploration  increases  in  efficacy  and  duration  in  animals 
with  severe  pre-treatment  impairments:  Post-treatment  follow-up  of  social  exploration  was 
performed  1 ,  3  and  6  days  following  AS3  treatment  in  animals  with  short,  medium  and  long 
pre-treatment  social  exploration  behavior  (n  =  5-6/group).  As  expected,  there  was  a 
significant  overall  difference  between  the  short  and  the  long  groups  in  exploration  time  (F 
(1,24)  =  10.81,  p<0.05).  However,  post-hoc  tests  revealed  that  these  groups  differed 
significantly  only  during  the  pre-treatment  day  (p<0.05),  and  not  after  the  AS3  treatment 
(Figure  6B).  Furthermore,  within  the  long,  but  not  the  short  explorers  group,  social 
exploration  of  the  “same”  juvenile  was  significantly  reduced  (p<0.05)  one  day  after  the  AS3 
injection,  with  progressive  increases  in  social  exploration  time  during  the  5  subsequent  days. 
Because  of  the  pre-treatment  differences,  the  severely  impaired  animals  sustained  a  certain 
level  of  improvement  even  at  the  sixth  post-treatment  day  (Figure  6B)  (i.e.,  even  on  this  day 
there  was  no  resumption  of  the  pre-treatment  difference  between  the  short  and  long 
explorers).  This  experiment  thus  demonstrated  both  the  efficacy  and  the  reversibility  of  the 
antisense  treatment,  however  with  exceedingly  long  duration,  especially  in  animals  with 
severe  pre-treatment  impairments  and  in  comparison  to  the  short-term  efficacy  of  tacrine. 
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Figure  6:  I.c.v.  antisense  effect  on  the 
excessive  social  exploration  behavior  of  Tg 
mice.  A.  The  experimental  paradigm.  Shown  is 
the  order  of  procedures  and  tests  of  the  social 
exploration  capacity  in  cannula-implanted  mice 
following  antisense  treatment.  See  Materials 
and  Methods  for  details.  B.  Lone-term 
reversibility  and  correlation  of  treatment 
efficacy  with  the  severity  of  pre-treatment 
symptoms.  Shown  are  social  exploration  values, 
in  percent  of  baseline  performance,  for 
cannulated  hAChE-S  Tg  mice  with  short  and 
long  pre-treatment  exploration  of  the  “same” 
juvenile,  following  i.c.v.  AS3  treatment  (n  =  5 
mice  per  group).  Note  that  both  the  efficacy  and 
the  duration  of  the  suppression  effect  are 
directly  correlated  to  the  severity  of  pre¬ 
treatment  symptoms.  ^Significantly  different 
from  mice  with  short  exploration  time,  at  day  - 
2  (p  <0.05).  fSignificantly  different  from  mice 


with  long  exploration  time,  at  day  -2  (p  <0.05). 


Antisense  AChE-R  mRNA  suppression  selectively  reduces  brain  AChE-R  protein:  Tg 

mice  with  long  pre-treatment  explorative  behavior  displayed  a  significant  improvement  in 
social  exploration  of  the  “same”  juvenile  24  hr  following  the  second  treatment  with  AS3,  but 
not  with  the  irrelevant  AS-ON  ASB  (Figure  8A)  (F  (1,10)  =  33.95,  p<0.001).  ASB,  targeted 
to  the  related  enzyme,  butyrylcholinesterase,  served  as  a  sequence  specificity  control.  Control 
mice  with  either  long  or  short  pre-treatment  social  exploration  showed  no  response  to  either 
AS3  or  ASB  (Figure  7A  and  data  not  shown). 
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Control  hAChE-s  Tg  Figure  7:  AS3  decreases  brain  AChE-R  levels  and 

ameliorates  social  recognition  deficits  in  Tg-mice. 

Tg  (n  =  36)  and  control  (n  =  22)  cannula-implanted 
mice,  10-20  wk  old,  were  injected  i.c.v.  with  AS-ONs 
targeted  against  AChE  (AS3)  or  butyrylcholinesterase 
(ASB)  on  2  consecutive  days.  Social  exploration  of  the 
"same"  juvenile  was  tested  24  hr  before  (pre)  and  24  hr 
after  (post)  injections.  Mice  were  sacrificed 
immediately  after  the  last  social  recognition  test  and 
brain  homogenates  subjected  to  immunodetection  of 
AChE-R.  A.  Social  exploration  behavior.  Shown  are 
mean  social  exploration  of  the  same  juvenile  (percent 
of  baseline  ±  S.E.M.)  before  (pre)  and  24  hr  after 
(post)  AS-ON  treatment  for  long  explorer  mice  (see 
Table  1).  Asterisk  marks  significant  reduction  of  social 
exploration  time  after  AS3  treatment  (p  <0.05).  Inset: 
Location  of  i.c.v.  cannula  in  the  brain  (arrow).  B. 
Immunodetected  AChE-R.  Mean  ±  S.E.M. 
densitometry  values  for  immunodetected  AChE-R  in 
ASb  A  S3  ASb  AS3  cortex  extracts  of  the  noted  groups  post-treatment. 

AChE-R  levels  in  uncannulated  control  mice  were  considered  100%.  Asterisks  mark 
significant  reduction  of  AChE-R  levels  in  AS3  as  compared  to  ASB  treated  mice  (**:  p 
<0.05,  *:  p  <0.1).  Note  the  significant  reduction  of  immunodetected  AChE-R  and  fragments 
thereof  in  cortices  from  both  groups  treated  with  AS3  as  compared  with  those  treated  with  the 
control  reagent,  ASB. 
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Figure  8:  Decreased  AChE-R  levels  correlate  with 
reduced  social  exploration  time  in  Tg  mice.  Presented 
are  cortical  AChE-R  levels  (immunodetected  protein, 
percent  of  levels  in  uncannulated  controls)  as  a  function 
of  social  exploration  for  each  mouse  before  (A)  and 
after  (B)  AS3  treatment.  Long-explorer  mice,  each 
represented  by  a  dot,  were  sorted  by  their  genetic 
backgrounds  (control  and  Tg).  Note  the  exclusive  post¬ 
treatment  shift  in  the  clustered  distribution  of  the  Tg 
long  explorers,  with  excessive  mAChE-R  levels,  as 
compared  with  the  non-shifted  cluster  of  long-explorer 
controls. 


Catalytic  activity  measurements  performed  24  hr  after  the  last  AS-ON  injection  failed  to  show 
differences,  perhaps  due  to  the  limited  number  of  animals  and  the  variable  enzyme  levels. 
However,  immunodetected  AChE-R  protein  levels  were  significantly  lower  in  AS3  treated 
mice  as  compared  with  ASB  treated  mice,  regardless  of  their  genotype  or  pre-treatment 
behavior  pattern  (Fig  7B  and  data  not  shown,  F  (1,22)  =  19.63,  pO.OOl).  In  contrast, 
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densitometric  analysis  of  immunodetected  total  AChE  protein  (detected  by  an  antibody 
targeted  to  the  N-terminus,  common  to  both  isoforms)  revealed  essentially  unchanged  signals 
(data  not  shown).  In  further  tests  for  potential  association,  post-treatment  AChE-R  levels  were 
plotted  as  a  function  of  the  social  exploration  values.  Data  points  clustered  separately  before 
the  AS-ON  treatment  (Figure  8A),  with  both  AChE-R  levels  and  exploration  times  of  controls 
clearly  different  from  transgenics.  After  treatment,  long  explorer  transgenics  shifted  to  short 
exploration  values  (Figure  8B).  Intriguingly,  the  explorative  behavior  of  long  explorer 
controls  was  not  affected  by  the  treatment,  indicating  that  the  reduction  in  mAChE-R 
following  AS3  treatment  affected  only  animals  that  were  behaviorally  impaired  before  the 
treatment.  Together,  these  findings  attest  to  the  selectivity  of  the  antisense  treatment  for 
treating  AChE-R  overexpressing  animals  and  its  sequence-specificity  in  reversing  the  AChE- 
R  induced  impairment  of  behavior. 


Discussion 

Combination  of  behavioral,  molecular  and  biochemical  analyses  revealed  multileveled 
contributions  of  cholinergic  neurotransmission  and  ACHE  gene  expression,  towards  the 
general  activity  and  social  behavior  of  adult  Tg  mice  over-expressing  neuronal  AChE.  In 
addition  to  inherited  excess  of  hAChE-S,  these  Tg  mice  display  conspicuous  yet 
heterogeneous  overexpression  of  the  stress-associated  "readthrough"  mAChE-R  in  their 
cortical  and  hippocampal  neurons.  Nevertheless,  they  present  close  to  normal  activity  patterns 
under  normal  maintenance  conditions  with  minimal  external  challenges.  In  contrast,  their 
capacity  to  adjust  to  behavioral  changes  in  response  to  external  signals  appears  to  be 
compromised,  suggesting  that  they  suffer  genetic  predisposition  for  adverse  responses  to 
stressful  stimuli  (McEwen  and  Sapolsky,  1995).  This  should  be  of  particular  interest  to  the 
Army,  as  inherited  tendency  for  AChE  overproduction  was  associated  with  a  promoter 
polymorphism  in  the  ACHE  gene  (Shapria  et  al.,  2000)  and  because  impaired  social  behavior 
can  be  detrimental  in  the  field. 

Behavioral  and  learning  impairments  of  cholinergic  origin:  When  subjected  to  a  day/night 
switch,  hAChE-S  Tg  mice  respond  with  excessive  bursts  of  locomotor  activity,  particularly 
during  the  dark  phase,  but  also  during  the  light  phase  of  the  post-shift  diurnal  cycle.  In 
preliminary  experiments,  this  excessive  activity  could  be  transiently  suppressed  by  antisense 
oligonucleotides,  which  was  especially  encouraging  in  view  of  the  progressively  impaired 
neuromotor  functioning  in  these  mice  (Andres  et  al.,  1997).  Matched  controls,  unlike 
transgenics,  display,  as  expected,  relatively  suppressed  locomotor  activity  during  the  post- 
shift  dark  phase  (Murata  et  al.,  1999).  When  confronted  twice  with  a  conspecific  young 
mouse,  hAChE-S  Tg  mice  spend  significantly  longer  periods  than  controls  in  the  social 
interactions  characterizing  such  confrontations.  Similarly,  in  a  new  environment,  hAChE-S 
Tg  mice  displayed  increased  locomotor  activity  as  compared  with  controls  (Erb  et  al.,  2001). 
In  the  social  recognition  paradigm,  they  failed  to  remember  a  conspecific  juvenile,  even 
following  a  delay  interval  of  only  5  min.  This  extends  previous  reports  on  their  spatial 
learning  and  memory  impairments  (Beeri  et  al.,  1995;  Beeri  et  al.,  1997)  and  agrees  with 
previous  reports  (Perio  et  al.,  1989;  Winslow  and  Camacho,  1995)  on  the  social  behavior 
changes  associated  with  cholinergic  impairments. 

A  clear  pattern  appears  to  be  emerging  regarding  acetylcholine  function  and  behavioral 
deficits,  highlighting  potentially  major  effects  on  behavior,  both  motor  and  cognitive. 
Moreover,  some  in  some  cases,  suppression  of  the  excess  of  AChE  of  the  transgenic  animals 
returned  many  of  the  behaviors  to  normal,  suggesting  that  the  consequences  of  toxin  exposure 
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may  be  similarly  reversible  in  the  field.  Also,  the  influences  on  circadian  periodicity  and  the 
potential  disruptions  to  behavioral  periodicity  are  striking.  This  is  probably  often  overlooked 
in  the  military  arena  and  is  likely  to  be  highly  significant  due  to  the  24  h  activity  status  of 
combat  troops. 

Several  other  neurotransmission  systems,  e.g.  vasopressin  (Bluthe  et  al.,  1990),  are  most 
likely  related,  as  well,  with  impaired  social  interactions.  In  hAChE-S  Tg  mice,  however,  this 
phenotype  may  be  attributed  to  hypocholinergic  functioning  due  to  AChE  excess,  as  is 
evident  from  the  capacity  of  the  AChE  inhibitor  tacrine  to  retrieve  their  social  recognition. 
Nevertheless,  tacrine's  effects  appeared  surprisingly  short-lived,  consistent  with  findings  of 
others  (Sekiguchi  et  al.,  1991).  In  contrast,  exceedingly  low  doses  of  oligonucleotides 
suppressing  AChE-R  synthesis  exerted  considerably  longer-term  improvement  of  the  social 
recognition  skills  of  Tg  mice.  This  suggested  non-catalytic  activities  as  an  alternative 
explanation  (s)  for  the  behavioral  and  cognitive  impairments  caused  by  AChE-R  excess 
(Soreq  and  Seidman,  2001). 

Circadian  switch  as  a  behavioral  stressor:  Cholinergic  neurotransmission  circuits  are 
known  to  be  subject  to  circadian  changes  (Carlson,  1994)  and  control  the  sensorimotor 
cortical  regions  regulating  such  activity  (Fibiger  et  al.,  1991).  Therefore,  the  intensified 
response  of  hAChE-S  Tg  mice  to  the  circadian  switch  suggested  that  their  hypocholinergic 
state  is  the  cause.  The  variable  nature  of  the  excessive  locomotor  activity  in  the  Tg  mice 
indicates  an  acquired  basis  for  its  extent  and  duration.  A  potential  origin  of  such  heterogeneity 
could  be  the  variable  extent  of  neuronal  mAChE-R  mRNA  in  the  sensorimotor  cortex  and 
hippocampal  neurons.  Both  psychological  (Kaufer  et  al.,  1998)  and  physical  stressors 
(Shohami  et  al.,  2000)  induce  neuronal  AChE-R  overproduction.  Exaggerated  stress 
responses,  such  as  the  intense  locomotor  response  to  the  mild  stress  of  a  circadian  switch,  can 
hence  be  expected  to  exacerbate  the  hypocholinergic  state  of  these  already  compromised 
animals. 

In  social  behavior  tests,  hAChE-S  Tg  mice  display  impaired  recall  processes  causing  poor 
recognition  when  confronted  with  a  conspecific  young  mouse.  Therefore  AChE-R 
overexpression,  which  is  also  induced  under  stress  (Kaufer  et  al.,  1998),  may  be  causally 
involved  with  the  reported  suppression  of  recall  processes  under  stress  (Kramer  et  al.,  1991) 
as  well  as  with  the  apparent  correlation  between  stress  and  hippocampal  dysfunction 
(Liberzon  et  al.,  1999).  This  suggests  that  excess  AChE-R  can  simultaneously  impair  recall 
processes  and  induce  excessive  locomotion.  Stress-induced  effects  on  learning  and  memory 
processes  have  been  reported  by  others  (Kaneto,  1997),  but  were  not  correlated  with  AChE 
levels.  Our  current  findings  of  improvement  in  trangenics'  exploration  behavior  following 
tacrine  injection,  which  would  be  expected  to  augment  cholinergic  neurotransmission, 
strongly  indicate  that  their  hypocholinergic  state  was  the  cause. 

Advantages  and  limitations  of  anticholinesterases:  In  control  mice,  with  low  AChE-R 
levels,  tacrine  did  not  affect  the  normal  social  recognition  capacity.  This  suggests  that 
suppression  of  AChE  activity  may  have  distinct  effects  under  normal  and  stress-induced 
conditions.  Tg  mice  with  higher  AChE  levels  have  accommodated  themselves  to  this  state, 
and  it  may  be  this  accommodation  that  renders  them  incapable  of  facing  a  challenge  by  an 
anticholinesterase.  One  option  is  that  of  a  threshold  AChE-R  activity  that  would  be 
compatible  both  with  satisfactory  memory  and  normal  locomotion.  This  balance  is  impaired 
in  the  Tg  mice  and  may  also  be  disrupted  under  inducers  of  long-term  AChE-R 
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overproduction,  e.g.  stress  or  exposure  to  anticholinesterases  (Kaufer  and  Soreq,  1999).  This, 
in  turn,  implies  that  the  effect  of  anticholinesterases  would  depend  on  the  initial  levels  of 
specific  AChE  variants  in  the  treated  mammal.  Above  the  behaviorally-compatible  threshold 
of  AChE-R,  anticholinesterases  would  exert  behavioral  improvement,  whereas  below  it,  their 
effects  would  be  limited,  which  can  explain  their  differential  efficacy  in  patients  with 
different  severity  of  symptoms. 

Glucocorticoid  regulation  of  cholinergic  behavioral  patterns:  The  separation  between 
general  behavior  patterns  and  learning  paradigms  as  those  relate  to  cholinergic  transmission 
may  explain  why  AChE  transgenics,  so  dramatically  impaired  in  their  learning  capacities, 
display  such  subtle  deficiencies  in  their  daily  behavior.  According  to  this  concept,  a 
constitutive  hypocholinergic  condition  would  be  evident  as  a  failure  to  learn  and  remember, 
however,  its  behavioral  effect  will  be  far  less  pronounced,  unless  challenged.  This 
predisposition  to  drastic  responses  to  external  insults  is  indeed  reminiscent  of  the  reported 
behavior  of  demented  patients.  It  had  been  initially  attributed  to  their  elevated  cortisol  levels 
(Weiner  et  al.,  1997),  which  matches  recent  findings  in  primates  (Habib  et  al.,  2000).  Indeed, 
cortisol  upregulates  ACHE  gene  expression  and  elevates  AChE-R  levels  (Grisaru  et  al.,  2001), 
possibly  above  the  required  threshold.  In  addition,  both  psychological  stress  and 
glucocorticoid  hormones  were  reported  to  impair  spatial  working  memory  (de  Quervain  et  al., 
1998;  Diamond  et  al.,  1996),  consistent  with  such  impairments  in  the  hAChE-S  Tg  mice.  The 
intensive  overexpression  of  mAChE-R  in  these  mice  mimics  a  situation  in  which  the 
individual  capacity  for  AChE-R  overproduction  would  be  tightly  correlated  both  with  the 
severity  of  the  behavioral  impairments  induced  under  cholinergic  hypofiinction  and  with  the 
capacity  of  anticholinesterases  to  affect  learning  and  behavior  properties. 

Brain  region  specificity: 

Working  and  storage  memory  and  the  ability  to  integrate  information  are  tightly  linked  not 
only  to  cholinergic  neurotransmission,  but  to  other  neurotransmitters  as  well.  Several  studies 
demonstrate  that  even  mild  environmental  changes  (like  a  day-to-night  switch),  are 
accompanied  by  increased  dopamine  and  noradrenaline  extracellular  concentration  in  the 
prefrontal  cortex,  and  only  to  a  minor  extent  in  the  limbic  and  striatal  areas4*3.  This  activation 
is  very  selective,  since  molecular  studies  have  shown  that  thirty  minutes  of  restraint  increase 
Fos  protein  in  dopamine  neurons  projecting  to  the  cortex  but  not  in  those  projecting  to  the  n. 
accumbens.  In  this  respect  altered  accumbens  and  cortical  extracellular  dopamine 
concentrations  during  stress  are  not  secondary  to  motor  activation,  but  instead  reflect 
increased  attention  to  the  provocative  stimulus  or  attempts  by  the  intruder  to  "cope"  with  the 
stimulus,  and  therefore  are  independent  of  a  specific  motor  activation43 . 

The  ventral  hippocampus  is  an  important  neuronal  "gate"  which  should  be  regarded  as  system 
modulator  of  the  cortical  response  to  stress.  In  this  respect  cholinergic  transmission  may 
contribute  to  the  significance  of  environmental  cues.  When  neonatal  ibotenic  acid  lesions  are 
produced  in  the  ventral  hippocampus,  repeated  intraperitoneal  saline  injections  attenuate 
dopamine  release  in  the  medial  prefrontal  cortex,  while  chronic  haloperidol  augments 
dopamine  release  in  the  same  area  of 

lesioned  animals  compared  to  controls42.  This  suggests  that  the  ventral  hippocampus 
influences  the  functioning  of  midbrain  dopamine  systems  during  environmental  and 
pharmacological  challenges  in  different  ways43. 
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Low  dose  and  long  duration  of  efficacy  for  antisense  agents:  The  short  duration  of  the 
behavioral  and  memory  improvements  afforded  by  administration  of  tacrine  parallels  the  time 
scale  reported  for  the  induction  by  such  inhibitors  of  a  transcriptional  activation  (Kaufer  et  al., 
1998).  Together  with  a  shift  in  alternative  splicing  this  feedback  response  causes  secondary 
AChE-R  accumulation  facilitating  the  hypocholinergic  condition  (Coyle  et  al.,  1983).  Recent 
reports  demonstrate  AChE  accumulation  in  the  cerebrospinal  fluid  of  anticholinesterases- 
treated  Alzheimer's  disease  patients45,  suggesting  that  such  feedback  response  occurs  also  in 
humans  with  cholinergic  deficiencies45  and  perhaps  explaining  the  gradual  increase  in 
anticholinesterase  dosage  that  is  necessary  to  maintain  their  palliative  value  in  patients. 

Unlike  tacrine,  the  temporary  antisense  suppression  of  AChE  synthesis  improves  social 
recognition  in  Tg  mice  for  up  to  6  days.  This  requires  exceedingly  low  doses  (25  ng  per  daily 
treatment)  of  the  antisense  agent,  about  104-fold  lower  in  molar  terms  than  tacrine 
concentrations.  Active  site  enzyme  inhibitors  should  be  administered  in  stoichiometric  ratios 
with  the  large  numbers  of  their  protein  target  molecules.  Moreover,  the  action  of  such 
inhibitors  terminates  when  they  reach  their  target.  In  contrast,  a  single  chemically  protected 
antisense  molecule  can  cause  the  destruction  of  numerous  mRNA  transcripts,  each  capable  of 
producing  dozens  of  protein  molecules.  Assuming  translation  rates  of  approximately  half- 
hour  per  chain  and  an  average  half-life  of  several  hours  for  each  transcript,  destruction  of  each 
mRNA  chain  would  prevent  the  production  of  many  protein  molecules.  Therefore,  the 
cumulative  efficacy  of  antisense  agents  can  exceed  that  of  protein  blockers  by  several  orders 
of  magnitude4^’4^.  Moreover,  the  palliative  effects  of  AS-ON  destroying  AChE-R  mRNA 
should  extend  long  after  the  AS-ON  is  destroyed,  because  AChE-R-induced  adverse 
consequences  would  occur  only  above  a  certain  threshold  which  takes  time  to  accumulate. 
Therefore,  the  dose  dependent  nature  of  the  adverse  consequences  of  AChE-R  excess  makes  it 
particularly  attractive  as  a  target  for  antisense  therapeutics. 

We  have  recently  found  that  AChE-R  mRNA,  having  a  long  3'  untranslated  domain,  is 
significantly  more  sensitive  to  antisense  destruction  than  the  synaptic  transcript  (Grisaru  et  al., 
2001;  Shohami  et  al.,  2000).  AChE-R  mRNA  transcripts  would  hence  be  preferentially 
destroyed,  so  that  the  excess  of  AChE-R,  but  not  much  of  the  synaptic  enzyme,  would 
decrease.  This  effect  may  explain  the  extended  duration  and  increased  efficacy  of  the 
antisense  treatment  in  modifying  behavior  and  learning  exclusively  in  those  mice  with 
disturbed  social  recognition. 

In  conclusion,  our  study  provides  a  tentative  explanation  for  the  behavioral  impairments  under 
imbalanced  cholinergic  neurotransmission,  attributes  much  of  these  impairments  to  the  stress- 
related  effects  of  the  AChE-R  variant  and  suggests  the  development  of  antisense  approach  to 
selectively  ameliorate  these  effects. 
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Antisense  oligonucleotides  relieve  neuromuscular  weakness  in  experimental  autoimmune 

myasthenia  gravis  (task  1) 

Recently,  we  observed  that  the  irreversible  cholinesterase  inhibitor 
diisopropylfluorophosphonate  (DFP)  induces  overexpression  of  AChE-R,  a  non-abundant,  non- 
synaptic  splicing  variant  of  AChE,  in  mouse  brain  and  intestine,  and  muscle  (Shapira  et  al., 
2000).  Muscles  from  DFP  treated  animals  treated  with  DFP  displayed  exaggerated  neurite 
branching,  disorganized  wasting  fibers  and  proliferation  of  neuromuscular  junctions  (NMJs). 
EN101,  a  partially  protected  2'-oxymethyl  AS-ON  preferentially  reducing  AChE-R  mRNA 
suppressed  feedback  upregulation  of  AChE  and  partially  ameliorated  DFP-induced  NMJ 
proliferation  (Lev-Lehman  et  al.,  2000).  These  observations  demonstrated  that  cholinergic 
stress  can  induce  specific  overexpression  of  AChE-R  in  muscle,  and  raised  the  possibility  that 
AChE-R  plays  a  previously  unsuspected  role  in  the  pathophysiology  of  additional  states 
associated  with  cholinergic  imbalance. 

Myasthenia  gravis  (MG)  is  caused  by  defective  neuromuscular  transmission  mediated  by 
autoantibodies  that  severely  reduce  the  number  of  post-synaptic  muscle  nAChR  (Drachman, 
1994;  Vincent,  1999).  MG  is  characterized  by  fluctuating  muscle  weakness  that  is  transiently 
improved  by  inhibitors  of  AChE,  the  acetylcholine  hydrolyzing  enzyme  (Penn  and  Rowland, 
1995).  The  diagnostic  electrophysiological  abnormality  characterizing  MG  is  a  progressive 
decrement  in  the  amplitude  of  compound  muscle  action  potentials  (CMAP)  evoked  by 
repetitive  nerve  stimulation.  Standard  treatment  for  MG  includes  immunosuppression  and 
multiple  daily  doses  of  peripheral  AChE  inhibitors  such  as  pyridostigmine  (Mestinon™)  (Penn 
and  Rowland,  1995).  While  AChE  inhibitors  provide  effective  palliative  relief  to  MG  patients, 
a  direct  role  for  AChE  in  the  pathophysiology  of  MG  has  not  been  demonstrated. 

Here,  we  demonstrate  overexpression  of  AChE-R  in  muscles  and  peripheral  blood  of  EAMG 
rats.  Moreover,  we  show  that  AS-ON-mediated  suppression  of  AChE-R  elicits  pronounced  and 
long-lasting  relief  of  muscle  fatigue  in  EAMG  rats.  These  data  indicate  a  previously 
unrecognized  role  for  AChE-R  in  MG  pathology,  and  raise  questions  about  the  long-term 
consequences  of  therapeutic  AChE  inhibitors.  Moreover,  they  suggest  that  AS-ON  targeting 
AChE  may  offer  a  novel  mode  of  therapeutic  intervention  in  neuromuscular  diseases  with 
cholinergic  involvement. 


Methods 

Human  MG  patients:  Serum  samples  from  anonymous  MG  patients  were  used  according  to 
the  guidelines  of  the  Hebrew  University’s  Bioethics  Committee. 

Materials:  Unless  otherwise  specified,  materials  were  purchased  from  Sigma  Chemical  Co. 
(St.  Louis,  MO). 

Animals:  EAMG  was  induced  in  female  Lewis  rats  (120-150  g)  purchased  from  the  Jackson 
Laboratory  (Bar  Harbor,  ME),  and  housed  in  the  Animal  Facility  at  the  Hebrew  University 
Faculty  of  Medicine,  in  accordance  with  NIH  guidelines.  Control  FVB/N  mice  were  bred  from 
the  FVB/N  strain  purchased  from  Harlan  Biotech  Israel  (Rehovot,  Israel).  Transgenic  FVB/N 
mice  overexpressing  AChE-R  were  as  described  (Stemfeld  et  al.,  2000). 

Oligonucleotides:  HPLC-purified,  GLP  grade  oligodeoxynucleotides  (purity  >90%  as  verified 
by  capillary  electrophoresis)  were  purchased  from  Hybridon,  Inc.  (Worchester,  MA). 
Lyophilized  oligonucleotides  were  resuspended  in  sterile  double  distilled  water  (24  mg/ml),  and 
stored  at  -20  °C.  The  three  3 ’-terminal  residues  in  all  of  the  employed  AS-ON  agents  were 
substituted  with  oxymethyl  groups  at  the  2’  position.  The  primary  sequences  used  in  this  study 
were: 
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rEN  1 0 1  5'-CTGCAATATTTTCTTGCA*C*C*-3'; 

rEN  1 02  5'-GGGAGAGGAGGAGGAAGA*G*G*-  3’ ;  and 

inv-rEN  1 02  5’-GGAGAAGGAGGAGGAGAG  G  G  -3*. 

(Asterisks  denote  2’-oxymethyl  protected  residues.) 

All  of  these  AS-ONs  are  complementary  or  inverse  (inv)  to  the  coding  sequence  of  the  rat  (r) 
AChE  mRNA  sequence  common  to  all  variants  (Legay  et  al.,  1993). 

Antibodies:  Rabbit  polyclonal  Abs  against  the  C-terminal  sequence  that  is  unique  to  AChE-R 
were  prepared  and  purified  as  described  (Stemfeld  et  al.,  2000).  Goat  polyclonal  anti-nAChR 
(C-20,  S.C.-1448)  Abs  were  from  Santa  Cruz  Biotechnology  (Santa  Cruz,  CA).  Biotinylated 
donkey  anti-rabbit  Ab  (Chemicon  International,  Temecula,  CA)  and  biotinylated  donkey  anti¬ 
goat  Ab  (Jackson  ImmunoResearch  Labortories,  West  Grove,  PA)  were  used  as  secondary 
antibodies. 

Induction  of  EAMG:  The  Torpedo  acetylcholine  receptor  (tAChR)  was  purified  from  T. 
californica  electroplax  by  affinity  chromatography  on  neurotoxin-Sepharose  resin,  as 
previously  described  (Boneva  et  al.,  2000).  Rats  were  immunized  with  40  (ig  of  purified  tAChR 
emulsified  in  CFA  supplemented  with  1  mg  of  M.  tuberculosis  H37Ra  (Difco,  Detroit  MI). 
Subcutaneous  injection  in  the  hind  footpads  was  followed  by  a  booster  injection  of  the  same 
amount  after  30  d.  A  third  injection  was  administered  to  animals  that  did  not  develop  EAMG 
after  the  second  injection.  Animals  were  weighed  and  inspected  weekly  during  the  first  month, 
and  daily  after  the  booster  immunization,  for  evaluation  of  muscle  weakness.  The  muscle 
weakness  status  of  the  rats  was  graded  according  to:  apparently  healthy  -  Without  definite 
weakness  (treadmill  running  time,  23  ±  3  min),  Mild  -  weight  loss  >10%  during  a  week, 
accompanied  by  weak  grip  or  audible  complaint  with  fatigue  (4-8  min  run  on  the  treadmill). 
Moderate  -  hunched  posture  at  rest,  head  down  and  forelimb  digit  flexed,  tremulous  ambulation 
(1-3.5  min  run  on  treadmill).  Severe  -  general  weakness,  no  audible  complaint  or  grip 
(treadmill  running  time  <1  min). 

Anti-AChR  Ab  determination:  Sera  from  EAMG  animals  and  MG  patients  were  assayed  by 
direct  radioimmunoassay,  for  125I-a-bungarotoxin  (BgT)  binding  to  tAChR  or  rat  (r)  AChR 
(Boneva  et  al.,  2000;  Wirguin  et  al.,  1994).  All  the  EAMG  rats  displayed  high  anti-tAChR 
and/or  anti-rAChR  titers,  with  serum  mean  ±  SEM  values  of  82.1  ±  16.0  nM  for  anti-tAChR 
antibodies  and  19.9  +1.8  nM  for  anti-rAChR. 

Quantification  of  nAChR:  AChR  concentration  in  the  gastrocnemius  and  tibialis  muscles  was 
determined  using  125I-a-BgT  binding  followed  by  precipitation  in  saturated  ammonium  sulfate 
as  described  previously  (Changeux  et  al.,  1992). 

Electromyography:  Rats  were  anesthetized  by  i.p.  injection  of  2.5  mg/Kg  pentobarbital, 
immobilized,  and  subjected  to  repetitive  sciatic  nerve  stimulation,  using  a  pair  of  concentric 
needle  electrodes  at  3  Hz.  Baseline  compound  muscle  action  potential  (CMAP)  was  recorded 
by  a  concentric  needle  electrode  placed  in  the  gastrocnemius  muscle,  following  a  train  of 
repetitive  nerve  stimulations  at  supramaximal  intensity.  Decrease  (percent)  in  the  amplitude  of 
the  fifth  vs.  the  first  muscle  action  potential  was  determined  in  two  sets  of  repetitive 
stimulations  for  each  animal.  A  reduction  of  7%  or  more  was  considered  indicative  of 
neuromuscular  transmission  dysfunction  (Wirguin  et  al.,  1994). 

Drug  administrations:  Intravenous  injections  and  blood  sampling  for  anti-nAChR  Ab 
determination,  were  via  the  right  jugular  vein  under  anesthesia.  For  oral  administration,  a 
special  intubation  feeding  curved  needle  with  a  ball  end  (Stoelting,  Wood  Dale,  IL)  was  used. 
Mestinon,  administered  in  a  dose  of  1  mg/Kg  per  day,  was  purchased  from  Hoffmann  La-Roche 
(Basel,  Switzerland). 

Exercise  training  on  treadmill:  To  establish  a  physiological  measure  of  neuromuscular 
performance  in  EAMG  rats,  animals  were  placed  on  an  electrically  powered  treadmill  (Moran 
et  al.,  1996)  running  at  a  rate  of  25  m/min,  a  physical  effort  of  moderate  intensity,  until  visibly 
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fatigued.  The  time  the  rats  were  able  to  run  was  recorded  before  and  at  the  noted  times  after 
AS-ON  or  Mestinon  treatment. 

In  situ  hybridization  was  performed  with  fully  2'-oxymethylated  AChE-R-or  AChE-S-specific 
50-mer  cRNA  probes  complementary  to  pseudointron  4  or  exon  6,  respectively,  in  the  ACHE 
gene  (Galyam  et  al.,  2001).  Detection  was  with  alkaline  phosphatase  and  Fast  Red™  substrate 
(Molecular  Probes,  Eugene,  OR).  DAPI  (Sigma)  staining  served  to  visualize  nuclei. 
Immunohistochemistry:  Muscle  sections  (7  pm)  were  deparaffmized  with  xylene  and  were  re¬ 
hydrated  in  graded  ethanol  solutions  (100%,  90%,  70%)  and  PBS.  Heat-induced  antigen 
retrieval  was  performed  by  microwave  treatment  (850  W  for  rapid  boil  followed  by  10  min  at 
reduced  intensity)  in  0.01  M  citrate  buffer,  pH  6.0.  Slides  were  cooled  to  room  temperature  and 
rinsed  in  double  distilled  water.  Non-specific  binding  was  blocked  by  4%  naive  donkey  serum 
in  PBS  with  0.3%  Triton  X-100  and  0.05%  Tween  20  (1  h  at  room  temperature).  Primary  Ab 
was  diluted  (1:100  and  1:30  for  rabbit  anti-AChE-R  and  goat  anti-nAChR,  respectively)  in  the 
same  buffer  and  slides  were  incubated  1  h  at  room  temperature  following  overnight  incubation 
at  4  °C.  Sections  were  rinsed  and  incubated  with  the  appropriate  biotinylated  secondary  Ab, 
diluted  in  the  same  blocking  buffer  1  h  at  room  temperature  and  then  overnight  at  4  °C. 
Detection  was  with  streptavidin  conjugated  to  alkaline  phosphatase  (Amersham  Life  Science, 
Arlington  Heights,  IL)  and  Fast  Red  substrate;  slides  were  cover-slipped  with  Immunomount 
(Shandon  Pittsburgh,  PA). 

Patient  serum  analyses:  Blood  samples  were  drawn  from  19  MG  patients  who  displayed  Ab 
titers  between  1  and  60  pmol/ml  serum.  Non-denaturing  gel  electrophoresis  was  as  described 
(Kaufer  et  al.,  1998),  as  were  catalytic  activity  measurements  of  AChE  in  the  serum  of  patients 
and  experimental  animals. 


Results 

AChE-R  accumulates  in  plasma  of  MG  patients  and  EAMG  rats 

To  search  for  potential  correlations  between  AChE-R  expression  and  neuromuscular  junction 
dysfunction  in  humans,  we  evaluated  the  levels  of  AChE-R  in  plasma  collected  from  MG 
patients.  Serum  samples  from  healthy  individuals  showed  primarily  a  slow-migrating  enzyme 
which  could  be  effectively  inhibited  by  5  x  10'5  M  of  the  AChE-specific  inhibitor,  BW284c51, 
but  not  by  the  butyrylcholinesterase-specific  inhibitor  iso-OMPA  (Fig.  1  and  data  not  shown). 
Serum  from  mice  subjected  to  confined  swim  stress  (Shapira  et  al.,  2000),  or  transgenic  mice 
overexpressing  human  AChE-R  (Stemfeld  et  al.,  2000)  displayed  higher  levels  of  a  similar 
rapidly  migrating  AChE  isoform  than  non-stressed  controls.  This  activity,  like  the  slowly 
migrating  enzyme,  was  blocked  by  BW284c51,  but  not  iso-OMPA  (Fig.  1A  and  data  not 
shown).  This  suggested  that  the  rapidly  migrating  AChE  is  AChE-R.  In  2  of  4  tested  MG 
pateints,  but  not  in  patients  with  other  diseases,  we  observed  the  presence  of  a  similar  fast- 
migrating,  catalytically  active  AChE  iso  form  (Fig.  1A).  This  suggested  that  MG  patients,  like 
stressed  or  AChE-R  transgenic  mice,  accumulate  excess  serum  AChE-R.  There  was  no 
apparent  correlation  between  the  intensity  of  AChE-R  staining  and  the  anti-AChR  titers  in  the 
12  analyzed  patients  (data  not  shown).  Also,  total  AChE  activity  measurements  in  the  serum  of 
patients  or  of  stressed  and  non-stressed  mice  showed  no  correlation  with  these  AChE-R 
migration  patterns,  probably  due  to  differences  in  released  erythrocytic  AChE  due  to  hemolysis 
(Fig.  IB).  Thus,  immunodetection  or  activity  gel  analyses  appeared  more  informative  than 
serum  enzyme  assay. 

AChE-R  accumulates  in  muscles  and  serum  of  EAMG  rats 

To  address  the  role  of  AChE-R  in  changes  occurring  at  the  myasthenic  neuromuscular  junction 
(NMJ),  we  induced  EAMG  in  rats  and  performed  in  situ  hybridization  with  AChE  splice- 
variant  selective  probes.  In  triceps  muscles  of  EAMG  rats,  we  observed  pronounced  punctuated 
expression  of  AChE-R  mRNA.  In  contrast,  control  rats,  displayed  only  weak  diffuse  labeling 
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(Fig.  2A).  The  "synaptic"  AChE-S  variant  displayed  similar  staining  patterns  in  both  control 
and  EAMG  rats  (data  not  shown).  Following  i.v.  administration  of  an  EN101,  an  AS-ON 
preferentially  targeting  AChE-R  mRNA  labeling  was  reduced  close  to  the  limit  of  detection  in 
both  control  and  myasthenic  rats  (Fig.  2).  In  contrast,  AChE-S  mRNA  labeling  was  nominally 
affected  by  EN 101. 


A.  activity  staining 


B.  serum  catalytic  activity, 
percent  control 
0  200  400 


It 

i  . 

It  * 

|! 

'T 

1 

1 

'mm* 

1 

"mm- 

1 

» 

1 

1 


stressed 

transgenic] 

healthy 

non-MG 


1 

MG 


Fig.  1.  A  rapidly  migrating  AChE  variant 
accumulates  in  the  serum  of  human  MG  patients. 

Shown  is  a  non-denaturing  polyacrylamide  gel 
stained  for  catalytically  active  cholinesterases  (left) 
and  a  bar  graph  representing  the  catalytic  AChE 
activities  in  the  serum  of  these  patients  and  animals 
(right).  Additional  lanes  depict  the  catalytically 
active  isoforms  in  serum  from  confined-swim 
stressed  mice  (lane  1),  control  mice  (lane  2)  and 
AChE-R  transgenic  mice  (lane  3),  a  healthy  human 
volunteer  (lane  4),  a  patient  with  an  irrelevant 
metabolic  disease  (non-MG)  (lane  5)  and  4  MG 
patients  (lanes  6-9).  Note  the  presence  of  a  rapidly 
migrating  AChE  isoform,  parallel  to  AChE-R  in  its  properties,  in  the  serum  of  MG  patients  but 
not  other  individuals. 


electrophoresis 


0  60  120 
serum  catalytic  activity, 
percent  healthy 


|AChE-R  mRNA| 

+EN101 

ir.  y 

+EN101 

AChE-S  mRNAjQ 

S’-, 

v! ' 

/. 

+EN101 

+EN101 

i  AChE-R  protein  | 


iiii 

«£mk 

s? 

^■‘4. 

nAChR 

protein  [ 

.  /;•■•*•  1 

■  .  ! 

*  +EN101 

i:.  ■ 

I  -fENlOl 


C  control  EAMG 


!* 


+  - 
EN101 


Fig.  2.  EN101  selectively  suppresses  elevated 
muscle  AChE-R  accumulation  in  EAMG  rats. 

A.  Muscle  AChE  mRNA  variants.  Shown  are 
paraffin-embedded  sections  of  triceps  muscle 
from  severely  ill  EAMG  or  control  Lewis  rats 
following  in  situ  hybridization  with  2 ’-O-methyl 
protected  cRNA  probes  specific  for  AChE-S  or  - 
R  mRNAs.  The  white  size  bar  represents  50  pm. 
Fast  Red  (red)  labeling  reflects  mRNA  presence. 
DAPI  (white)  was  used  to  visualize  cell  nuclei. 
Note  the  prominent  sub-nuclear  accumulation  of 
AChE-R  mRNA  in  preparations  from  EAMG, 
but  not  control  animals.  AChE-S  mRNA  displayed  similar  focal  expression  around  subnuclear 
domains  in  control  and  EAMG  rats.  Twenty-four  h  following  treatment  with  EN101  (250 
pg/Kg),  AChE-R  mRNA  was  barely  detectable  in  both  control  and  EAMG  rats,  while  AChE-S 
mRNA  levels  were  not  visibly  affected  (insets). 

B.  Inverse  intensities  of  AChE-R  and  AChR  labeling  in  EAMG.  Shown  is 
immunohistochemical  staining  observed  using  polyclonal  rabbit  antibodies  to  AChE-R  (top)  or 
to  nAChR  (bottom)  and  Fast  Red.  The  white  size  bar  represents  10  pm.  Immunostaining  for 
AChE-R  protein  was  prominently  elevated  in  EAMG  as  compared  to  control  rats,  and 
suppressed  by  EN101  (insets).  Consistent  with  their  myasthenic  pathology,  staining  of  the 
nAChR  is  dramatically  reduced  in  EAMG  rats.  nAChR  was  not  affected  by  EN101. 

C.  Serum  AChE-R  labeling.  Serum  samples  from  EAMG  and  control  rats  were  subjected  to 
non-denaturing  polyacrylamide  gel  electrophoresis  and  immunolabeling  with  anti-AChE-R 
antibodies.  Note  pronounced  enhancement  of  a  band  representing  AChE-R  (arrow)  in  plasma  of 
EAMG  rats  and  its  significant  reduction  in  EN  101 -treated  control  and  EAMG  animals. 
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Immunocytohistochemical  staining  with  a  polyclonal  antiserum  that  selectively  detects  AChE- 
R  (Stemfeld  et  al.,  2000)  revealed  positive  signals  in  some,  but  not  all  muscle  fibers  of  control 
rats.  In  contrast,  pronounced  accumulation  of  AChE-R  in  virtually  all  muscle  fibers  from 
EAMG  rats  indicated  increased  levels  of  this  protein  species  (Fig.  2).  The  disperse  cytoplasmic 
localization  of  immunodetected  AChE-R  in  EAMG  muscle  was  characteristic  of  this  isoform 
(Soreq  and  Seidman,  2001).  In  contrast,  expression  of  AChE-S  was  similar  in  EAMG  and 
control  rats  (data  not  shown).  Twenty-four  h  following  a  single  i.v.  injection  of  250  |ig/Kg 
EN101,  AChE-R  but  not  AChE-S  was  conspicuously  reduced  in  muscles  from  both  control  and 
EAMG  rats  (Fig.  2).  The  association  between  muscle  AChE-R  accumulation  and  the  EAMG 
was  confirmed  by  immunochistochemical  staining  for  muscle  nAChR  protein.  In  EAMG 
muscle,  marked  reduction  was  observed,  as  expected  in  the  disease,  which  is  associated  with 
nAChR  loss  (Fig  4B,  bottom).  Muscle  nAChR  loss  was  confirmed  by  direct  measurement  of 
muscle  AChR  content,  using  labeled  a-bungarotoxin.  The  nAChR  content  in  mild  EAMG  was 
reduced  by  50%  from  control  and  in  severe  EAMG  it  was  reduced  by  70-80%  (average,  n  >  10 
in  each  group). 

As  AChE-R  is  a  soluble  secretory  protein,  we  searched  for  it  in  serum  from  control  and  EAMG 
rats.  Immunoblot  analysis  of  non-denaturing  polyacrylamide  gels  indeed  demonstrated  the 
presence  of  AChE-R  in  serum  of  control  and  EAMG  rats  (Fig.  1).  However,  EAMG  rats 
demonstrated  significantly  enhanced  accumulation  of  AChE-R  in  serum  as  compared  with 
healthy  animals.  24  h  following  a  single  injection  of  EN101,  both  group  of  animals  displayed 
conspicuously  reduced  AChE-R  signals.  (Fig.  1 ). 


Antisense  oligonucleotides  restore  normal  CMAP  in  myasthenic  rats 

To  evaluate  the  severity  of  muscle  pathology  in  tested  animals,  we  performed 
electromyography  recording  from  the  gastrocnemius  muscle.  EAMG  rats,  but  never  control 
animals,  displayed  a  characteristic  decrement  in  CMAP  in  response  to  repeated  stimulation  at  3 
and  5  Hz  (Fig.  3A,  inset  and  data  not  shown).  The  baseline  decrement,  calculated  by  measuring 
the  decrease  from  the  first  to  the  fifth  response,  ranged  from  7%  to  36%  (mean  =  13.0%  ± 
2.5%)  as  compared  to  a  limited  variation  around  4.0%  ±  0.9%  in  control  animals.  To  examine 
whether  accumulated  AChE-R  was  causally  involved,  we  treated  EAMG  rats  with  rENlOl,  a 
partially  2’-oxymethyl  protected  AS-ON  targeted  to  a  region  of  rAChE  mRNA  that  is  common 
to  all  3  variants,  but  which  we  found  previously  to  selectively  destroyed  AChE-R  mRNA 
(Grisaru  et  al.,  2001). 
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Fig.  3.  EN101  elicits  lasting 
improvement  in  muscle 

function  of  myasthenic  rats. 
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exhibiting  a  decrement,  reflecting  the  fatigue  characteristic  of  myasthenic  muscles  (CMAP  ratio 
<90%),  were  treated  with  a  single  i.v  injection  (1000  pg/Kg)  of  the  AChE  inhibitor 
Prostigmine,  increasing  concentrations  of  EN101,  or  a  control  AS-ON  with  the  5-3'  nucleotide 
sequence  of  EN102  reversed  (INV-EN102).  Graphs  display  percent  above  baseline  of  average 
CMAP  ratios  (5th  to  1st)  measured  at  the  specified  times  post-injection  for  at  least  6  rats  in  each 


2  3  4 

time,  hours 


25 


group.  The  average  CMAP  ratio  of  EAMG  rats  included  in  the  study  prior  to  treatment  was  87 
±  2.5%  of  control  animals.  Inset:  CMAP  Ratio  Improvement.  Shown  are  the  1st  and  5th 
depolarization  peaks  in  EAMG  muscle  (top)  and  in  ENlOl-treated  EAMG  muscle  (bottom;  500 
pg/Kg,  1  h  post-treatment).  Note  the  constant  size  of  CMAP  peaks  under  treatment  (percent). 

A.  Prostigmine.  Following  administration  of  Prostigmine  at  a  standard  therapeutic  dose  of  1000 
pg/Kg  body  weight,  normal  CMAP  ratios  (>100%)  were  recorded  within  30  min  and  for  up  to  2 
h.  The  control  AS-ON  invEN102  had  no  effect  on  muscle  responses  to  stimulation  at  3  Hz  from 
EAMG  rats,  demonstrating  sequence-specificity  for  the  AS-ON. 

B.  EN101.  Shown  are  dose-dependently  restored  normal  CMAPs  from  1  h  and  up  to  72  h  under 
10-500  pg/Kg  EN101 .  Higher  doses  conferred  longer-lasting  relief. 
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subsequent  dose. 

A.  Single  dose.  The  graph  depicts  percent  CMAP  ratios  above  baseline  measured  at  the  noted 
time  points  following  oral  administration  of  EN101  («= 8)  or  Mestinon  («= 4).  Orally 
administered  Mestinon  and  EN101  relieved  decremental  CMAP  responses  to  repetitive 
stimulation  within  1  h.  Twenty-four  h  following  administration  of  Mestinon,  CMAP  ratios  in 
muscles  of  treated  rats  returned  to  baseline.  In  contrast,  no  decrement  was  detected  in  rats 


treated  with  EN 101. 

B.  Repeated  daily  doses.  The  graph  depicts  the  equivalent  improvement  in  muscle  function 
elicited  by  oral  (w=8)  as  compared  to  i.v.  (n= 4)  administration  of  EN101.  Note  that  repeated 
administration  of  EN101  conferred  stable,  long-term  alleviation  of  CMAP  decrements. 
Repeated  daily  administration  of  Mestinon  at  24  h  intervals  had  no  cumulative  or  long-term 
effect  on  CMAP  ratios. 

C.  Survival.  The  graph  depicts  the  percentage  of  EAMG  rats  still  alive  at  specified  days 
following  initiation  of  treatment  with  repeated  oral  administrations  of  Mestinon  or  EN101. 
Average  CMAP  values  for  each  group  at  the  starting  day  are  noted.  A  greater  fraction  of 
animals  treated  with  EN101  survived  than  those  treated  with  Mestinon  at  the  given  doses 
despite  their  poorer  initial  status,  as  indicated  by  initial  CMAP  ratios. 


rENlOl  effects  were  copared  tot  hose  of  cholinesterase  inhibitors  used  in  the  treatment  of  MG. 
Intra;eritoneally  ( i.p .)  administered  neostigmine  bromide  (Prostigmine™,  1000  pg/Kg,  which 
equals  ca.  0.5  pmol/rat)  rapidly  and  effectively  reversed  the  myasthenic  CMAP  decrement  in 
EAMG  rats.  The  effects  of  cholinesterase  blockade  were  evident  starting  30  min  after  injection 
and  up  to  2-3  h  post-injection,  after  which  CMAP  decrements  reverted  to  baseline  (Fig.  3A).  A 
control  AS-ON  with  an  inverse  sequence  to  rAChE  mRNA,  inv-rEN102,  showed  no  effect  at 
50  pg/Kg,  demonstrating  that  neither  the  injection  itself  nor  the  presence  of  an  inert  AS-ON 
would  alter  the  CMAP  ratio  (Fig.  3A).  Following  i.v.  injection  of  EN101  at  doses  ranging  from 
50-500  pg/Kg,  i.e.  2  to  20  nmol/rat,  CMAP  ratios  changed  to  normal  values  within  1  h  post¬ 
administration  (Fig.  3B).  CMAP  normalization  was  accompanied  by  visible  improvement  in 


26 


motor  activity  associated  with  increased  mobility,  upright  posture,  stronger  grip  and  reduced 
tremulous  ambulation.  A  second,  independent  and  similarly  protected  AS-ON,  targeting  a 
neighboring  sequence  in  rAChE  mRNA  (EN102),  produced  similar  rectification  of  decrements 
in  CMAP  in  EAMG  rats  (Table  1),  validating  the  specificity  for  the  target  protein. 
Nevertheless,  antisense  effects  on  neuromuscular  activity  were  sequence-dependent,  as 
comparable  amounts  of  inv-rEN102,  the  control  oligonucleotide  with  inverse  sequence,  did  not 
improve  muscle  function  (Fig.  3A  and  Table  1).  The  duration  of  CMAP  restoration  increased 
with  the  dose  of  EN101,  from  short-term  improvement  with  10  pg/Kg  up  to  over  72  h  with  500 
pg/Kg.  Fifty  pg/Kg  yielded  24  h  improvement,  and  was  therefore  used  for  repetitive  daily 
treatments  (Fig.  3B). 


Table  1.  Summary  of  responses  to  treatmentsA 
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aCMAP  ratios  were  determined  at  the  noted  times  following  treatment  and  the  averages  ±  SEM 


are  presented.  Each  treatment  represents  similarly,  although  not  simultaneously  treated  rats, 
the  numbers  of  which  are  shown  in  parentheses. 

BDrug  doses  were  50  pg/Kg  for  EN 101,  EN102  or  INV102  and  1000  pg/Kg  for  Mestinon,  for 
both  administration  routes. 

cNote  the  apparently  delayed  effect  of  orally  administered  EN102  as  compared  to  EN101  or 
Mestinon. 

Since  i.v.  drug  administration  is  of  limited  value  in  chronic  treatment  paradigms,  and  since  oral 
administration  of  AS-ONs  had  been  shown  to  be  effective  in  some  applications  (Agrawal  and 
Kandimalla,  2000),  we  explored  the  activity  of  orally  administered  EN101.  Fifty  pg/Kg  EN101 
was  administered  via  an  intubation  feeding  needle,  to  EAMG  rats,  and  CMAP  recordings  were 
performed  1,  5,  and  24  h  later.  The  orally  administered  EN101  was  as  active  as  i.v. 
administered  25  pg/Kg  (Table  1  and  Fig.  4A).  Orally  administered  Mestinon  (pyridostigmine, 
1000  pg/Kg)  imparted  predictable  restoration  of  CMAP  for  up  to  several  hours,  and  invEN102 
had  no  effect  on  CMAP.  Under  the  oral  administration  route,  EN  1 02  appeared  slower  to  affect 
CMAP  than  EN101,  suggesting  sequence-specific  differences  for  this  effect  (Table  1). 
Individual  variabilities  in  animal  responses  to  the  EN101  treatment  may  parallel  the  variable 
decrement  observed  in  response  to  calcium  channel  blockers  in  EAMG  (Wirguin  et  al.,  1994). 
To  compare  repeated  daily  oral  and  i.v.  administration  routes,  we  treated  EAMG  rats  with 
rENlOl  once  a  day  for  5  days  and  performed  CMAP  recordings  prior  to  each  drug  treatment. 
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Neither  oral  nor  i.v.  repeated  administration  of  EN101  appeared  to  produce  resistance  to  the 
therapy,  normal  electrophysiological  activities  being  recorded  over  the  entire  course  of 
treatment  (Fig.  4B).  Both  the  efficacy  of  EN101  treatment  and  its  capacity  to  reduce  the  inter¬ 
animal  variability  were  comparable  to  those  of  Mestinon,  with  the  exceptions  that  Mestinon’s 
effects  were  more  rapid  (data  not  shown),  whereas  ENlOl's  effect  was  considerably  longer- 
lasting.  Also,  the  effect  of  daily  single  doses  of  Mestinon  wore  off  within  a  day,  causing  drastic 
fluctuations  in  the  treated  animals’  muscle  strength  (Table  1,  Fig.  4B  and  data  not  shown). 
Among  the  EAMG  animals  thus  treated  with  single  daily  administration  of  Mestinon,  5  out  of  6 
died  within  these  5  days.  In  contrast,  6  out  of  8  animals  treated  by  single  daily  oral 
administration  of  EN101,  which  maintained  consistently  normal  CMAP  levels  throughout  the 
treatment  period,  survived  the  full  5  day  period  (Fig.  4C).  Although  inconclusive,  this 
experiment  indicated  EN101  as  suitable  for  longer  treatment  evaluation. 

EN101  promotes  muscle  stamina  in  EAMG  rats 

Placed  on  a  treadmill  at  25  m/min,  control  animals  ran  for  23.0  ±3.0  min  after  which  time  they 
displayed  visible  signs  of  fatigue.  Myasthenic  animals  placed  on  the  treadmill  were  able  to  run 
as  short  a  time  as  only  2.3  ±  0.5  min  before  signs  of  fatigue  appeared,  depending  on  the  severity 
of  symptoms.  We  then  classified  animals  as  mildly,  moderately,  or  severely  affected  based  on 
their  stamina  in  the  treadmill  test  and  disease  signs,  and  monitored  their  performance  24  h 
following  administration  of  250  pg/Kg  EN101  (Fig.  5).  All  groups  demonstrated  improved 
stamina  following  injection.  Thus,  severely  sick  animals  performed,  when  treated,  as  well  as 
untreated  moderately  sick  ones,  and  treated  moderately  sick  animals  reached  performance 
levels  better  than  those  of  untreated  mildly  sick  animals,  amounting  to  3-fold  improved  running 
times  of  6.5  ±  1.5  min.  EN101  had  no  significant  effect  on  the  running  time  of  control  rats  (Fig. 
5). 
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Fig.  5.  EN101  improves  stamina  in  myasthenic 
rats. 

EAMG  rats  with  varying  severity  of  symptoms 
(severe  n=ll,  moderate  n= 4  ,  mild  w=5)  and 
control  Lewis  rats  (none,  n= 7)  were  prodded  to 
run  on  an  electrically  powered  treadmill  (25 
m/min,  inset)  until  visibly  fatigued.  The  time  (in 
min  ±  SEM)  each  rat  was  able  to  run  was  recorded 
before,  and  24  h  following,  i.v.  administration  of 
250  pg/Kg  EN101.  Note  that  EAMG  rats  run 
controls,  and  that  running  time  is  increased  for  each  group  by 
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In  a  yet  longer-term  treatment  regimen,  7  out  of  9  EAMG  animals  under  daily  EN101 
administration  presented  improved  treadmill  performance  one  mo  after  initiation  of  treatment,  1 
showed  no  improvement  and  1  animal  died.  In  contrast,  of  5  similarly  sick  animals  that 
received  daily  Mestinon  treatment,  3  died,  2  performed  worse,  and  none  showed  improved 
performance.  Saline  injection  yielded  similar  results,  3  dead,  2  worse.  Thus,  daily  EN101 
administration  appeared  effective  for  long-term  treatment,  enabling  EAMG  animals  with 
moderate  to  severe  symptoms  to  thrive  under  conditions  where  untreated  or  Mestinon-treated 
animals  did  not  survive. 


Discussion 

By  targeting  an  orally  delivered  AS-ON  drug  to  a  long-known  MG  target,  AChE,  we  achieved 
rapid,  yet  long-lasting  physiological  improvement,  associated  with  reversal  of  the  CMAP 
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decremental  response  at  3  Hz  nerve  stimulation  and  increased  muscle  stamina  in  the  treadmill 
test.  The  beneficial  effect  of  AS-ON  injection  on  the  CMAP  response  began  within  1  h  post¬ 
treatment  and  lasted  many  more  hours  than  the  effect  of  the  currently  employed 
anticholinesterases,  likely  reflecting  the  mechanistic  differences  between  these  two  groups  of 
drugs. 

Chemical  anticholinesterases  are  stoichiometrically  targeted  at  the  large  number  of  AChE 
molecules  present  in  the  NMJ  -  density  of  3000-5000  molecules/pm2  (Anglister  et  al.,  1994). 
In  contrast,  AChE  mRNA  chains  exist  in  far  lower  quantities  than  their  protein  products,  and 
are  produced  only  by  subsynaptic  nuclei  -  1:200  of  total  muscle  nuclei  (Rotundo,  1990). 
Furthermore,  AChE-R  mRNA  is  normally  the  least  abundant  of  the  alternative  splice  variants 
of  AChE  mRNA.  In  addition,  AS-ON  agents  that  target  the  AChE-R  mRNA  transcripts  can 
operate  repeatedly,  i.e.  one  AS-ON  is  responsible  for  hydrolysis  of  many  mRNAs.  This 
explains  the  over  100-fold  difference  in  the  molar  dose  of  AS-ON  as  compared  to  Prostigmine 
or  Mestinon  that  is  effective  in  relieving  EAMG  weakness. 

Because  of  the  intrinsic  instability  of  the  AChE-R  mRNA  transcript  (Chan  et  al.,  1998),  AS-ON 
agents  targeted  to  the  AChE  mRNA  sequence  that  is  shared  by  all  transcripts,  will  destroy 
primarily  the  longer,  less  G,C-rich  AChE-R  mRNA  (Grisaru  et  al.,  2001).  This  provides 
selectivity  towards  this  normally  rare  transcript,  while  protecting  most  of  the  synaptic  AChE-S 
variant  from  the  antisense  effect.  Consequently,  neuromuscular  functioning  is  maintained  while 
the  disease-associated  damaging  protein  is  efficiently  removed.  The  3'  terminal  2'-oxymethyl 
protection  of  AS-ON  chains  increases  the  hybridization  affinity  while  minimizing  toxicity 
(Galyam  et  al.,  2001).  This  may  further  explain  the  beneficial  effect  of  2’-oxymethyl  protected 
AS-ON  agents  following  i.v.  as  well  as  oral  administration.  In  comparison,  conventional 
anticholinesterases  would  similarly  inhibit  the  catalytic  activity  of  the  two  variants,  but  would 
not  remove  the  blocked  enzyme  from  the  system.  This  may  be  detrimental  for  three  reasons: 
first,  anticholinesterases  induce  a  robust,  multi-tissue  feedback  response  of  AChE-R 
overproduction;  second,  the  overproduced  protein  apparently  possesses  additional,  non- 
catalytic  activities  that  are  not  necessarily  blocked  by  anticholinesterases  (reviewed  in  ref. 
(Soreq  and  Seidman,  2001);  third,  prolonged  exposure  may  cause  tissue  damage,  as  indeed  is 
the  case  in  DFP-exposed  muscle.  Together,  these  may  explain  the  apparent  absence  under  AS- 
ON  treatment  of  adverse  effects  often  associated  with  chronic  anti-cholinesterase  exposure.  The 
long-term  survival  of  animals  receiving  AS-ON  by  daily  oral  treatment,  as  compared  with  the 
poor  survival  of  severely  diseased  animals  under  the  physiologically  fluctuating  effects  of  a 
daily  dose  of  Mestinon,  may  also  reflect  these  differences. 

Chemically  protected  RNA  aptamers,  capable  of  blocking  the  autoantibodies  access  to  the 
nAChR,  have  been  developed  for  the  treatment  of  MG  (Lee  and  Sullenger,  1997),  however 
their  reaction  with  the  antibodies  is  stoichiometric,  whereas  the  AS-ON  reaction  is  catalytic, 
allowing  a  considerably  lower  dosage  of  the  drug.  In  this  context,  two  surprising  properties  of 
EN101  merit  special  discussion:  the  rapid  onset  and  the  long-lasting  effect.  The  rapid  onset  of 
CMAP  improvement  that  is  offered  by  EN101  is  most  likely  due  to  its  easy  accessibility  to  the 
highly  metabolic  muscle  tissue  combined  with  the  instability  of  its  target  mRNA.  The  long- 
lasting  functioning  of  this  AS-ON  agent  probably  reflects  the  fact  that  its  neuromuscular  effect 
may  last  after  the  AS-ON  is  totally  degraded,  to  cease  only  when  AChE-R  accumulation  passes 
a  threshold  beyond  which  this  protein  causes  functional  damage.  This  is  compatible  with  the 
myasthenic  symptoms  reported  in  patients  with  acute  anticholinesterase  poisoning,  which  begin 
several  hours  after  the  acute  phase  (He  et  al.,  1998).  Pyridostigmine  toxicity,  reported  in  one 
myasthenic  patient  and  in  one  healthy  control  (Cohan  et  al.,  1976),  manifested  weakness 
following  drug  administration,  and  displayed  higher  pyridostigmine  blood  levels  than  in 
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myasthenic  patients  with  satisfactory  clinical  response.  This  suggests  individual  differences  in 
the  clinical  responsiveness  to  anticholinesterases  that  may  depend  on  the  individual  rates  of 
their  metabolism. 

A  polymorphism  at  the  HLA-DQ  locus  was  reported  to  regulate  the  susceptibility  to  EAMG  in 
mice  (Raju  et  al.,  1998),  and  polymorphisms  in  the  62  adrenergic  receptor  gene  appear  to  have 
distinct  distributions  in  human  MG  patients  (Xu  et  ah,  2000),  indicating  involvement  of  both 
immune  modulators  and  general  stress  responses  in  the  disease  process  and  suggesting  that 
overexpressed  AChE-R  may  contribute  to  either  or  both  of  these  levels  of  response.  To  this  end, 
the  beneficial  effect  of  repeated  AS-ON  treatment  likely  reflects  long-lasting  changes  in 
cytokine  balances  that  contribute  to  the  myasthenic  syndrome.  The  complexity  of  relevant 
elements  is  evident  from  recently  reported  animal  models  that  show,  for  example,  that  T  cell 
overexpression  of  IL-10  facilitates  EAMG  development  (Ostlie  et  ah,  2001),  whereas  genomic 
disruption  of  the  murine  IL-1B  gene  diminishes  the  AChR-mediated  immune  response  (Huang 
et  ah,  2001),  and  deficiency  in  IFN  y  receptor  limits  both  EAMG  development  and  the  negative 
feedback  cascades  that  are  induced  by  such  development  (Zhang  et  ah,  1999).  Indeed,  injected 
IL-12,  a  major  inducer  of  IFN  y  production,  accelerates  and  enhances  disease  in  AChR- 
immunized  mice,  but  not  in  strain-matched  mice  with  a  disrupted  IFN  y  gene  (Sitaraman  et  ah, 
2000).  The  wide  span  of  tissues  involved,  and  the  importance  of  altered  cytokine  relationships 
were  reflected  in  the  capacity  of  orally  administered  AChR  fragments  to  suppress  on-going 
EAMG  (Im  et  ah,  1999).  Future  studies  should  address  the  issue  of  whether  AS-ON 
suppression  of  systemic  AChE-R  production  affects  mysathenic  symptoms  indirectly  by 
eliminating  the  hematopoietically  active  AChE-R  (Grisaru  et  ah,  2001)  and  thus  modulating 
cytokine  production. 

Apart  from  its  obvious  utility,  this  study,  therefore,  highlights  the  previously  unperceived 
involvement  of  the  AChE-R  splice  variant  in  MG  etiology.  Alternative  splicing  has  recently 
emerged  as  a  primary  neuronal  stress  response,  which  affects  different  genes  (Ohno  et  ah,  2000; 
Xie  and  McCobb,  1998).  Our  current  findings  suggest  that  synaptic  muscle  nuclei  similarly 
respond  to  cholinergic  stress  by  alternative  splicing  of  their  pre-mRNA  products.  MG  patients 
are  routinely  treated  by  a  combination  of  anticholinesterase,  immune  and  glucocorticoid 
therapy.  Both  anticholinesterases  and  glucococorticoids  would  enhance  AChE  gene  expression, 
further  increasing  the  cumulative  AChE-R  load  in  treated  MG  patients.  Due  to  the  secretory 
nature  of  AChE-R,  it  also  accumulates  in  the  serum.  Further  studies  will  be  required  to  test  the 
applicability  of  AChE-R  detection  as  a  surrogate  marker  for  MG;  however,  the  accumulation  of 
serum  AChE-R  in  EAMG  rats  and  human  patients  gives  reason  to  believe  that,  unlike  blood 
catalytic  AChE  activity,  immunodetected  serum  AChE-R  may  reflect  the  severity  of  the  disease 
state. 

The  pathogenesis  of  MG  and  EAMG  is  primarily  related  to  the  destructive  effect  of  anti-AChR 
antibodies  on  the  NMJ.  In  addition,  neuromuscular  weakness  associated  with  cholinergic 
imbalance  is  known  in  patients  with  congenital  myasthenic  syndromes  (Ohno  et  al.,  2000), 
where  synaptic  AChE  is  the  only  form  missing,  as  well  as  following  exposure  to 
anticholinesterases,  e.g.  in  Gulf  War  veterans  (reviewed  in  ref.  20),  muscle  dystrophy  and  in 
amyotrophic  lateral  sclerosis  and  post-traumatic  stress  disorder,  among  others.  As  AS-ONs 
targeted  to  AChE  mRNA  provide  relief  of  cholinergic  muscle  malfunctioning,  they  should  be 
useful  for  symptomatically  treating  these  and  many  other  diseases. 

The  likely  existence  of  a  polymorphism  that  confers  AChE  overproduction  could  potentially  be 
assessed  using  peripheral  markers.  If  this  turns  out  to  be  the  case,  it  is  probable  that  levels  of 
stress-induced  changes  could  be  monitored  in  the  field  and  prior  to  deployment  to  identify  those 
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troops  who  are  most  and  least  at  risk.  Another  observation  is  the  apparent  clinical  implications 
these  data  have  on  the  management  of  patients  with  MG.  It  is  likely  that  the  results  from  these 
studies  will  provide  opportunities  to  identify  reasons  why  patients  are  treatment-resistant,  as 
well  as  new  methods  for  further  alleviating  symptoms  in  patients  who  do  respond. 
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Modified  testicular  expression  of  stress-associated  “readthrough”  acetylcholinesterase 

predicts  male  infertility  (task  1) 

Reduced  male  fertility  is  one  of  the  known  consequences  of  psychological  stress  (Clarke  et 
al.,  1999;  Giblin  et  ah,  1988;  Negro-Vilar,  1993).  The  molecular  pathways  translating  stress 
into  depressed  male  reproductive  potency  are  not  yet  known,  but  likely  involve  stress- 
hormone-induced  alterations  in  gene  expression  (Jolly  and  Morimoto,  1999).  Glucocorticoid 
hormones  released  by  the  adrenal  gland  in  response  to  stress  (Sapolsky  et  ah,  2000)  are 
known  to  exert  long  lasting  effects  on  gene  expression.  We  previously  reported  activation  of 
the  gene  encoding  the  acetylcholine  hydrolyzing  enzyme  acetylcholinesterase  (AChE;  EC 
3. 1 . 1 .7)  by  forced  swim  stress  and  pharmacological  inhibitors  of  AChE  in  brain  (Kaufer  et  ah, 
1998),  muscle  (Lev-Lehman  et  ah,  2000),  hematopoietic  cells  (Grisaru  et  ah,  2000)  and 
intestinal  epithelium  (Shapira  et  ah,  2000).  In  all  these  cases,  over-expressed  AChE  appeared 
as  an  otherwise  rare  splicing  variant  known  as  “readthrough”  AChE,  or  AChE-R.  Stress- 
induced  overexpression  of  AChE-R  likely  involves  both  glucocorticoid-sensitive  (Grisaru  et 
ah,  2000)  and  glucocorticoid-insensitive  (Kaufer  et  ah,  1998)  components. 

The  classical  function  of  AChE,  acetylcholine  hydrolysis  (Taylor,  1996),  plays  a  crucial  role 
in  cholinergic  neurotransmission.  AChE  was  also  observed  in  spermatozoa  (Egbunike,  1980; 
Palmero  et  ah,  1999),  where  its  presence  was  attributed  to  cholinergic  mechanism(s)  involved 
in  sperm  motility  (Dwivedi  and  Long,  1989;  Young  and  Laing,  1991).  Nevertheless,  it  has 
recently  been  shown  that  AChE  exerts  morphogenic  and/or  developmental  activities  unrelated 
to  acetylcholine  hydrolysis  (Grisaru  et  ah,  1999).  Furthermore,  AChE  inhibitors  in  use  as 
agricultural  insecticides  were  associated  with  yet  unexplained  impairments  in 
spermatogenesis  and  sperm  properties  (Sarkar  et  ah,  2000;  Tielemans  et  ah,  1999).  For  these 
reasons,  we  explored  the  influence  of  AChE-R  on  spermatogenesis  and  sperm  properties. 

Male  gamete  production,  spermatogenesis,  takes  place  in  the  seminiferous  tubules  of  the 
testes.  Progression  through  this  process  is  accompanied  by  migration  of  cells  from  the  tubule 
periphery  towards  the  central  cavity.  At  the  periphery  of  the  tubules  are  diploid  stem  cells, 
spermatogonia,  which  pass  through  proliferative  mitotic  divisions  to  generate  spermatocytes. 
Spermatocytes  give  rise  to  round  haploid  spermatids  through  meiosis.  Spermatids  elongate 
and  differentiate  to  form  spermatozoa  that  are  released  to  the  genital  duct  system.  In  the 
epididymis,  spermatozoa  acquire  motility  and  fertilization  ability  (Leonhardt,  1993). 

Methods 

Animals  and  tissue  collection:  Male  FVB/N  mice  (2-6  months  old)  were  sacrificed  24  hr 
following  4  successive  daily  forced  swim  sessions  as  detailed  (Kaufer  et  al.,  1998).  Control 
mice,  and  mice  that  have  a  transgene  encoding  human  AChE-R  inserted  into  their  genome, 
were  sacrificed  with  no  prior  treatment.  Serum  was  prepared  from  blood  samples  allowed  to 
clot  lhr  at  room  temperature  and  overnight  at  4°C,  followed  by  centrifugation  and  supernatant 
collection.  Testes  and  seminal  vesicles  were  excised  and  weighed.  One  testis  from  each 
animal  was  fixed  in  4%  paraformaldehyde  or  Bouin’s  fixative,  the  other  was  kept  at  -70°C  for 
protein  extraction. 

Serum  hormone  levels:  Serum  corticosterone  concentrations  were  determined  by 
radioimmunoassay  (ICN  Pharmaceuticals,  Inc.,  Costa  Mesa,  California). 

Sperm  Evaluation:  Live,  motile  sperm  were  counted  manually  in  isolates  prepared  from  a 
single  cauda  epididymis  shredded  in  1  ml  saline.  Sperm  concentration  was  measured  using 
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the  Improved  Neubauer  chamber  (Heinz  Herenz,  Hamburg,  Germany).  For  staining  with  the 
fluorogenic  dye  JC-1,  epididymal  sperm  cells  were  incubated  20  minutes  at  room  temperature 
in  the  presence  of  3pM  JC-1  and  12pM  Propidium  Iodide  (Molecular  Probes,  Inc.,  Eugene, 
Oregon),  essentially  as  detailed  (Gamer  and  Thomas,  1999).  Samples  were  centrifuged  at 
500g  for  7min  to  remove  excess  dye.  A  drop  of  the  suspended  cells  was  placed  on  a  coverslip 
and  covered  by  a  second  coverslip.  Viable  motile  cells  that  reached  the  drop’s  periphery  were 
subjected  to  fluorescence  microscopy  and  quantitative  evaluation  of  JC-1  emission  at 
525nm(green)  and  585nm(red).  The  ratio  between  red  and  green  fluorescence  was  considered 
to  reflect  mitochondrial  membrane  potential. 

AChE  analysis:  AChE  activity  assay,  5-20%  sucrose  gradient  and  immunoblot  analysis  were 
performed  essentially  as  described(Stemfeld  et  al.,  2000)  on  testes  tissue  homogenized  in  1M 
NaCl,  0.01  M  EGTA,  0.0 1M  Tris  HC1  pH7.4,  1%  TritonXIOO.  AChE-R  was  detected  with  a 
polyclonal  antibody  targeted  at  the  C-termial  peptide  of  AChE-R  (Stemfeld  et  al.,  2000). 
Band  intensities  of  2  lanes  loaded  with  protein  from  individual  mice  of  each  group  were 
quantified  using  Adobe  Photoshop  5.0  software. 

In  situ  hybridization  was  performed  as  detailed  elsewhere  (Kaufer  et  al.,  1998)  on  7 pm  thick 
paraformaldehyde-fixed  paraffin-embedded  sections  using  50-mer,  biotinylated,  2’-0-methyl 
cRNA  probes  targeted  to  either  pseudointron  14  or  exon  E6  in  AChEmRNA  transcripts. 
ELF™  (Molecular  Probes,  Inc.,  Eugene,  Oregon)  was  used  as  a  fluorogenic  alkaline 
phosphatase  substrate. 

Immunohistochemistry:  Detection  of  the  AChE  isoforms  was  performed  on  7pm  thick 
paraffin  embedded  sections  with  polyclonal  antibodies  targeted  at  the  C-terminal  peptide  of 
synaptic  AChE-S  (C-16;  Santa  Cruz  Biotechnology,  Santa  Cruz,  California)  or  of  AChE- 
R(Stemfeld  et  al.,  2000).  Biotinylated  secondary  antibodies  were  detected  with  strepavidin- 
alkaline  phosphatase  conjugate  (Amersham  Pharmacia  Biotech,  Piscataway,  New  Jersey). 
Fast  Red  (Roche  Molecular  Biochemicals,  Mannheim,  Germany)  was  used  as  a  chromogenic 
substrate.  PCNA  was  detected  using  a  dedicated  staining  kit  (Zymed  Laboratories,  San 
Francisco,  California);  nuclear  counterstaining  was  with  hematoxylin  (Sigma,  St.  Louis  MI). 
All  immunodetections  were  performed  following  heat  induced  antigen  retrieval. 

Confocal  analysis:  An  MRC-1024  Bio-Rad  confocal  microscope  equipped  with  an  inverted 
microscope  was  used  to  scan  the  Fast  Red  precipitate  used  for  immunodetection. 
Fluorescence  was  excited  at  488nm,  and  emission  was  measured  with  a  580df32  filter.  To 
examine  mouse  testicular  spermia  in  tissue  sections,  a  confocal  plane  was  scanned  every 
0.35pm  using  a  63X/1.4  oil  immersion  objective  and  a  three-dimensional  projection  created 
from  all  sections.  To  examine  human  sperm  smears  a  confocal  plane  was  scanned  every 
0.30pm  using  a  40X/1.3  oil  immersion  objective;  three-dimensional  projections  of  the  signal 
were  overlaid  on  a  phase  contrast  image  of  the  cells. 

Results 

AChE-R  is  overexpressed  in  testes  from  psychologically  stressed  mice 

To  examine  the  effects  of  acute  stress  on  AChE  expression  in  the  male  gonads,  we  subjected 
adult  male  FVB/N  mice  to  4  successive  daily  sessions  of  confined  swim  (Kaufer  et  al.,  1998). 
Stressed  mice  displayed  5-fold  elevated  serum  corticosterone  levels  (171.0±62.4  ng/ml  serum 
(Avg±SEM);  N=4)  as  compared  to  naive  mice  (31.6±7.5;  N=3;  p<0.04,  Mann- Whitney). 
Elevated  glucocorticoid  levels  were  accompanied  by  mildly  increased  AChE  activities  in 
testicular  extracts  (0.310.03  nmoles  substrate/min/mg  protein  after  stress  vs  0.110.01 
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nmoles/min/mg  protein  in  controls).  To  identify  the  cell  population(s)  that  respond  to  stress 
by  increasing  ACHE  gene  activity,  we  employed  in  situ  hybridization  (Kaufer  et  al.,  1998).  A 
selective  2’-0-methyl  biotinylated  cRNA  probe  revealed  a  circumferential  distribution  of 
AChE-R  mRNA  in  testicular  tubules  from  naive  mice  (Fig.  1A).  In  stressed  mice  24  hours 
after  the  last  swim  session,  AChE-R  mRNA  signals  were  notably  intensified  and  extended 
into  all  cell  layers  (Fig.  IB).  Immunodetection  with  an  antibody  selective  for  AChE-R 
(Stemfeld  et  al.,  2000)  produced  no  detectable  staining  in  testes  from  control  mice  (Fig.  1C). 
In  contrast,  anti-AChE-R  antibodies  intensively  labeled  internal  cell  layers  in  tubules  of 
stressed  mice  (Fig.  ID),  particularly  the  innermost  stratum  containing  maturing  spermatozoa. 
Stress  therefore  induced  AChE-R  mRNA  overproduction  in  cells  undergoing  early 
spermatogenesis  and  caused  accumulation  of  AChE-R  protein  at  later  stages  of  sperm 
formation. 


Fig.  1.  Repeated  forced  swim  stress  induces 
testicular  AChE-R  overexpression 

A,B.  In  situ  hybridization  was  performed  on 
sections  of  seminiferous  testicular  tubules  from 
naive  and  stressed  FVB/N  mice.  Yellow 
fluorescence  is  the  product  of  alkaline 
phosphatase-mediated  hydrolysis  of  ELF™ 
(Molecular  Probes  Inc.,  Eugene,  Oregon)  and 
indicates  sites  of  AChE-R  mRNA  accumulation. 
Note  the  intense,  dispersed  signal  in  tubules  from 
stressed  mice.  C,D.  Immunohistochemistry  with 
antibodies  selective  for  AChE-R.  Signal  is  orange. 
Note  that  in  stressed  mice  AChE-R  protein 
product  is  localized  primarily,  but  not  exclusively, 
to  the  inner  cell  layer  harboring  maturing  testicular  spermatozoa.  Schemes  present  probe 
location  for  the  hybridization  experiment  (A,B)  and  the  antibody-targeted  domain  for  the 
immunostaining  (C,D). 

Transgenic  mice  as  a  model  for  chronic  testicular  overexpression  of  AChE-R 

To  establish  a  model  for  chronic  gonadal  overexpression  of  AChE-R,  we  exploited  mice 
transgenic  for  human  AChE-R  (Stemfeld  et  al.,  2000).  Transgenic  mice  displayed  700-fold 
excess  testicular  AChE  activity  (Fig.  2A).  Elevated  levels  of  a  66  KDa  immunoreactive  band 
co-migrating  with  recombinant  AChE-R  protein  was  accompanied  by  unchanged  labeling  of  a 
slightly  faster  migrating  band  (Fig.  2B),  potentially  reflecting  another  AChE  variant  (Soreq 
and  Glick,  2000),  different  glycosylation  patterns  (Kronman  et  al.,  2000)  or  proteolytic 
cleavage  of  the  AChE  protein,  which  was  previously  observed  the  serum  of  stressed  mice 
(Grisaru  et  al.,  2000).  Sucrose  gradient  centrifugation  (5-20%)  demonstrated  the  excess  AChE 
to  migrate  as  a  single  peak  of  globular  monomeric  enzyme,  as  expected  from  AChE-R  (Fig. 
2C).  Using  In  situ  hybridization,  we  detected  high  levels  of  AChE-R  mRNA  in  the  peripheral 
layers  of  testicular  tubules  from  transgenic  as  compared  to  control  FVB/N  mice  (Fig.  3A,B), 
similar  to  that  observed  following  stress  (compare  to  Fig  IB).  These  are  the  cell  layers 
harboring  both  mitotic  spermatogonia  and  post-mitotic  spermatocytes.  Using  anti-AChE-R 
antibodies,  we  could  not  detect  protein  in  sections  from  control  mice  (Fig.  3B).  In  contrast, 
transgenic  mice  displayed  pronounced  deposition  of  AChE-R  in  a  single  peripheral  cell  layer 
in  65%  of  stained  tubules  (Fig.  3D).  The  remaining  35%  were  evenly  divided  between  those 
with  AChE-R  deposits  in  the  inner  cell  layers  harboring  spermatozoa  heads  (similar  to  the 
stress  pattern)  and  those  with  labeling  within  the  tubular  cavity  into  which  the  spermatozoa 
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tails  project  (data  not  shown).  Some  tubules  stained  in  the  periphery  were  also  stained  in  the 
inner  layer  (12%)  or  the  cavity  (26%).  Thus,  AChE-R  expression  in  testes  of  transgenic  mice 
resembled  that  of  mice  subjected  to  repeated  acute  stress  at  the  level  of  the  mRNA,  but 
exhibited  a  more  complex  pattern  of  cellular  distribution  at  the  level  of  the  protein.  In 
contrast,  the  expression  of  the  “synaptic”  AChE-S  splicing  variant  appeared  largely 
unaffected  by  either  stress  or  transgenic  overexpression  of  AChE-R  (data  not  shown). 

Fig.  2.  Testicular  AChE-R 
overproduction  in  transgenic  mice 

A.  Presented  are  average  ±  SEM  specific 
AChE  activity  (nmol  acetylthiocholine 
hydrolyzed/min/mg  protein)  from  duplicate 
measurements  performed  in  testicular 
homogenates  from  3  adult  male  FVB/N 
(Ct)  or  AChE-R-overexpressing  transgenic 
(R-Tg)  mice  (Stemfeld  et  al.,  2000).  Stars 
note  statistical  significance  (P<  0.05,  Mann- Whitney). 

B.  Testicular  homogenates  were  subjected  to  SDS-polyacrylamide  gel  electrophoresis  and  the 
resultant  blots  incubated  with  antibodies  directed  at  the  C-terminal  peptide  unique  to  AChE- 
R  (Stemfeld  et  al.,  2000)  (R).  Shown  is  an  immunoblot  with  each  two  lanes  loaded  with 
homogenates  from  individual  mice  of  the  noted  pedigree.  Of  the  two  bands  observed,  the  top 
one  (of  approximately  66Kd,  arrow)  co-migrated  with  recombinant  AChE-R  produced  in 
transfected  phaeochromocytoma  PC  12  cells  (left  lane).  Recombinant  AChE-S  (S,  second 
lane  from  left,  Sigma,  U.S.A.)  remained  unlabeled,  demonstrating  selectivity  of  the  antibody. 

C.  Presented  are  AChE  activities  (nmol  acetylthiocholine  hydrolyzed/min/mg.  protein)  in 
fractions  collected  following  sucrose  gradient  centrifugation  of  a  testicular  homogenate  from 
an  AChE-R  transgenic  mouse.  The  observed  sedimentation  coefficient  of  4.5-5.0S  reflects 
globular  monomers  (Gl),  consistent  with  the  AChE-R  iso  form.  Arrow  notes  the  localization 
of  alkaline  phosphatase  (6. 1 S),  which  served  as  a  sedimentation  marker.  One  of  two  analyses. 

Fig.  3.  AChE-R  accumulates  in 
spermatocytes  of  transgenic  mice 

In  situ  hybridization  (yellow)  and 
immunohistochemistry  (red)  of  representative 
tubules  from  naive  adult  FVB/N  or  AChE-R 
transgenic  mice.  Tubuli  of  transgenic  mice 
display  high  levels  of  dispersed  AChE-R  mRNA 
(A,B)  but  restricted  localization  of  AChE-R 
protein  to  a  single  peripheral  cell  layer  (C,D). 
Antibodies  toward  proliferating  cell  nuclear 
antigen  (PCNA)  detected  mitotic  cells 
undergoing  DNA  replication  in  the  outermost 
cell  layer  containing  spermatogonia  (E)  but  not 
in  the  next  inner  layer  of  meiotic  spermatocytes 
with  high  levels  of  AChE-R  (F).  White  arrows 
indicate  spermatogonia;  black  arrows, 
spermatocytes.  Nuclei  were  counterstained  with 
hematoxylin.  Inset:  high  magnification  image 
demonstrates  focal  perinuclear  accumulation  of 
AChE-R  in  spermatocytes. 
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Accumulated  AChE-R  in  post-mitotic  sperm  progenitors  imposes  a  partial  block  to  post- 
meiotic  differentiation 

We  recently  observed  that  AChE-R  promotes  expansion  of  hematopoietic  progenitor  cells 
(Grisaru  et  al.,  2000)  and  terminal  differentiation  of  osteoblasts  (Grisaru  et  al.,  1999).  We 
therefore  considered  the  possibility  that  overproduction  of  AChE-R  may  affect  the 
proliferation  of  male  germ  cell  progenitors.  To  quantify  replicating  cells,  we  stained  for 
proliferating  cell  nuclear  antigen  (PCNA).  In  both  naive  FVB/N  and  AChE-R  transgenic 
mice,  PCNA  staining  was  confined  to  the  most  peripheral  cell  layer  comprised  exclusively  of 
spermatogonia,  the  proliferative  spermatogenic  progenitors  (Fig.  3E  and  data  not  shown). 
AChE-R  was  undetectable  in  this  cell  layer  (Fig  3F),  being  concentrated  in  the  next  inner 
layer  of  post-mitotic  spermatocytes.  In  spermatocytes,  AChE-R  displayed  a  subcellular 
disposition  that  included  diffuse  cytoplasmic  distribution  in  addition  to  focal  perinuclear  sites 
of  accumulation  (Fig.  3F,  inset).  The  average  number  of  PCNA  labeled  cells  was  identical  in 
transgenic  and  control  mice  (67.5±2.8  vs.  67.2±2.0  cells/normalized  tubule  perimeter, 
respectively).  In  addition,  we  did  not  observe  any  changes  in  the  organization  of 
spermatogonia  in  testes  from  transgenic  mice  (data  not  shown).  In  contrast,  the  number  of 
post-meiotic,  differentiating  spermatozoa  surrounding  the  tubular  cavity  was  significantly 
reduced  in  transgenic  as  compared  to  control  mice  (82±12  vs.  97±15  cells/normalized  tubule 
perimeter,  respectively;  N=3,  8-10  tubules  per  mouse,  p<0.0005,  Student’s  t-test). 


Transgenic  testicular  overproduction  of  AChE-R  is  associated  with  impaired  sperm 
properties 

As  predicted  by  the  reduced  number  of  spermatozoa  in  testicular  tubules,  epididymal  sperm 
counts  were  also  significantly  lower  in  transgenic  as  compared  to  control  mice  (Fig  4). 
However,  the  45%  reduction  in  epididymal  sperm  cells  exceeded  the  cell  loss  observed  in 
tubules  by  30%,  indicating  that  additional  cell  loss  takes  place  following  the  release  of 
spermatozoa  from  the  seminiferous  tubules.  In  addition,  motility  of  surviving  sperm  appeared 
compromised  in  transgenic  mice  as  compared  to  controls  (Fig.  4),  suggesting  functional 
impairments.  Using  JC-1  (Gamer  and  Thomas,  1999)  to  assess  mitochondrial  activity  of 
motile  transgenic  epididymal  sperm,  we  observed  hyperpolarization  rather  than 
hypopolarization  of  mitochondrial  membranes  (data  not  shown).  This  observation  excluded 
reduced  cellular  respiration  as  a  cause  for  reduced  sperm  motility,  but  raised  the  possibility 
that  mitochondrial  hyperpolarization  foreshadows  apoptotic  events  that  contribute  to  reduced 
sperm  counts  (Matsuyama  et  al.,  2000;  Vander  Heiden  and  Thompson,  1999).  In  addition  to 
sperm  properties,  seminal  gland  weight  of  transgenic  mice  was  also  reduced  as  compared  to 


controls  (Fig  4). 


count  motility  gland  wt. 


Fig.  4.  Testicular  AChE-R  overproduction  is 
associated  with  impaired  sperm  properties 

Bar  Graph  represents  data  from  3-5  adult  male  FVB/N 
(Ct)  or  AChE-R-overexpressing  transgenic  (Tg)  mice. 
Average  ±  SEM  values  are  shown  for  sperm  counts 
(cells/epididymis  xlO'6),  sperm  motility  (percent 
motile  of  total  sperm  cells),  and  seminal  gland  weight 
(mg/gr  body  weight).  Stars  note  statistical  significance 
(P<  0.05,  Mann-Whitney). 
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AChE-R  may  serve  as  a  marker  of  stress-related  male  infertility 

Testicular  tubules  from  stressed  mice  and  a  large  portion  (approx.  60%)  of  those  from 
transgenic  mice  displayed  accumulation  of  AChE-R  in  differentiated  spermatozoa  residing  at 
the  inner  cell  layer  surrounding  the  cavity.  To  characterize  the  expression  of  AChE-R  in 
mouse  spermatozoa,  and  to  explore  the  relevance  of  the  mouse  models  to  human  fertility,  we 
performed  confocal  microscopy.  Anti-AChE-R  antibodies  failed  to  label  testicular 
spermatozoa  from  control  mice  (Fig.  5A).  In  contrast,  repeated  acute  stress  facilitated  strong, 
punctate,  intracellular  labeling  that  was  limited  to  spermatozoa  heads  (Fig.  5B),  with  few  cells 
also  stained  at  the  neck.  Spermatozoa  from  AChE-R  transgenics  were  either  unlabeled  (40%), 
or  stained  at  the  neck  (35%)  or  head  (25%)  (Fig.  5C).  We  then  examined  human  sperm  in  air 
dried  smears  of  ejaculates  from  apparently  fertile  donors  or  from  the  male  partner  of  couples 
with  unexplained  infertility.  Normal  sperm  were  stained  in  both  the  head  and  neck  regions.  In 
contrast,  samples  from  infertility  patients  presented  large  fractions  of  sperm  with  intense 
labeling  in  the  neck  region,  but  no  detectable  head-associated  AChE-R  (Fig.  5D).  Cumulative 
analysis  by  a  blind  observer  of  approximately  40  sperm  cells  from  each  of  3  individuals  in 
each  group  demonstrated  a  significantly  decreased  proportion  (p<0.05,  Mann  Whitney)  of 
head-stained  sperm  from  male  partners  of  infertile  couples  as  compared  to  sperm-bank 
donors. 

Fig.  5.  AChE-R  sperm  head  staining  intensifies  in 
stressed  mice  and  decreases  in  transgenic  mice 
and  in  subjects  with  unexplained  infertility 
A-C.  Shown  are  representative  compound  confocal 
images  of  testicular  spermatozoa  reaching  the  central 
space  within  testicular  tubules  following 
immunohistochemical  staining  with  anti-AChE-R 
antibodies  and  Fast  Red.  Note  the  pronounced  labeling 
in  heads  of  spermatozoa  from  mice  subjected  to  forced 
swim  stress  as  compared  to  those  from  both  naive 
FVB/N  and  transgenic  mice.  Spermatozoa  from 
transgenic  mice  were  divided  among  those  unstained, 
and  those  stained  primarily  in  the  tail  region,  or  in  the 
head  (white  arrows;  see  text  for  details).  D.  Bar  Graph 
shows  percentage  of  sperm  labeled  by  anti-AChE-R 
antibodies  (average  ±  SEM)  in  the  head  or  neck 
regions  for  approximately  40  cells  from  each  of  3 
healthy  human  donors  (C)  and  3  male  partners  from 
infertile  couples  (INF).  Star  notes  a  statistically 
significant  difference  between  controls  and  patients  (p<0.05,  Mann  Whitney).  Shown  in  the 
outside  columns  are  representative  compound  confocal  images  of  a  sperm  from  a  donor 
(right)  or  infertility  patient  (left).  Note  labeling  of  the  post-acrosomal  region  of  sperm  heads 
and  neck  in  control  cells  (black  arrowheads)  as  compared  with  limited  sperm  head  labeling  in 
the  patient  (white  arrowhead). 


Discussion 

Testicular  AChE  is  subject  to  stress-induced  changes  in  alternative  splicing 

Our  current  findings  associate  stress  with  testicular  overproduction  of  AChE-R  and  suggest 
that  stress  insults  of  varying  duration  or  severity  may  initiate  graded  increases  in  AChE-R  in 
spermatogenic  cells  (Fig  6).  The  increase  in  AChE  expression  following  stress  is  consistent 
with  the  presence  of  a  recently  discovered  consensus  sequence  for  a  putative  glucocorticoid 
response  element  (GRE)  in  the  upstream  promoter  region  of  the  human  ACHE  gene  locus 
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(Shapira  et  al.,  2000).  AChE  overexpression  following  stress  was  highly  selective  as  it  was 
observed  only  for  the  AChE-R  isoform.  This  suggests  active  diversion  of  3’  alternative 
splicing  of  AChE  mRNA.  This  pattern  of  stress-mediated  ACE1E  gene  expression  parallels 
that  observed  in  other  tissues,  and  strengthens  the  concept  of  shifted  alternative  splicing  and 
the  resultant  AChE-R  protein  as  universal  stress  response  elements  in  multiple  mammalian 
organs,  including  the  gonads. 

Fig.  6.  Graded  increases  in  AChE- 
R  associated  with  its  altered 
spermatogenic  localization. 

Shown  is  a  schematic  representation  of 
seminiferous  tubules.  Following  stress, 
AChE-R  levels  increase  in 
spermatocytes  and  all  other 
spermatogenic  cells  with  the  most 
marked  elevation  in  the  head  of 
testicular  spermatozoa.  A  greater  or 
more  persistent  increase  in  AChE-R 
expression,  represented  by  the  transgenic  model  might  be  found  under  intense  or  prolonged 
stress.  Under  such  conditions,  spermatocytes  are  stained  while  AChE-R  is  either  excluded  from 
testicular  spermatozoa  altogether  or  localized  to  the  tail,  with  only  a  smaller  fraction  of  the 
spermatids  displaying  head  staining.  AChE-R  overexpression  in  spermatocytes  could  impede 
spermatogenesis  thereby  explaining  reduced  sperm  counts  in  transgenic  mice. 

Massive  AChE-R  elevation  could  impair  spermatogenesis  and  sperm  function  in  a  non- 
catalytic  manner 

Compared  to  psychologically-stressed  FVB/N  mice,  transgenic  mice  exhibiting  massive 
AChE-R  overproduction  displayed  heterogeneity  in  the  cellular  and  subcellular  localization  of 
AChE-R.  It  is  yet  unclear  whether  this  difference  between  stressed  and  transgenic  mice 
reflects  the  high  levels  of  overexpression  achieved  in  the  transgenic  model,  or  a  property 
resulting  from  chronic  congenital  overexpression  of  the  transgenic  protein.  The  greatly 
elevated  expression  of  AChE-R  in  transgenic  mice  was  accompanied  by  decreased  sperm 
counts,  sperm  motility  and  seminal  gland  weight.  The  decline  in  post  mitotic  spermatozoa 
numbers  in  AChE-R  transgenics  suggests  that  AChE-R  excess  may  impose  yet  undefined 
restrictions  on  spermatogenesis  following  mitotic  cell  division.  While  the  reduction  in 
seminal  gland  weight  potentially  reflects  systemic  effects  of  chronic  AChE-R  overexpression 
and  its  impact  on  autonomous  cholinergic  innervation  (Prince,  1992),  not  all  the  effects 
should  necessarily  be  attributed  to  increased  cholinesterase  activity.  The  high  accumulation 
of  AChE-R  in  sperm  cell  progenitors  suggests  that  the  primary  impact  of  its  transgenic 
overexpression  on  spermatogenesis  and/or  sperm  properties  results  from  direct  effects  of  the 
protein  on  cellular  processes.  In  this  light,  non-catalytic,  cell  signaling  capacities  now  well 
established  for  nervous  system  AChE  (Bigbee  et  al.,  2000;  Koenigsberger  et  al.,  1997; 
Stemfeld  et  al.,  1998)  may  be  relevant.  Our  findings  therefore  emphasize  the  need  to  identify 
the  yet  unknown  protein  partner(s)  of  AChE-R  and  its  putative  signal  transduction  pathways. 
The  perinuclear  localization  of  AChE-R  in  spermatocytes  resembled  the  nuclear  association 
of  megakaryocytic  AChE  (Lev- Lehman  et  al.,  1997).  In  hematopoietic  progenitors,  AChE 
regulation  is  tightly  associated  with  that  of  CHED,  a  CDC-related  protein  kinase  (Lapidot 
Lifson  et  al.,  1992),  suggesting  potential  involvement  in  cell  cycle  processes  and  calling  for  a 
search  for  potential  correlation  between  cyclin  regulation  during  mammalian  gametogenesis 
(Zhang  et  al.,  1999)  and  AChE-R. 


Stress 


AChE-R  — » 
Control 

spermatogonia  -*■ 
spermatocytes  -*•  L> 

testicular 
spermatozoa 


Stress 


AChE-R 

transgenics 


38 


AChE-R  is  potentially  involved  in  the  detrimental  effects  of  psychological  stress  on  male 
fertility 

The  transgenic  mouse  model  demonstrates  the  potentially  detrimental  effects  of  high  levels  of 
dispersed  testicular  AChE-R  on  mammalian  sperm  maturation  and/or  properties.  Absence  of 
AChE-R  from  heads  of  testicular  spermatozoa,  as  was  primarily  observed  in  AChE-R 
transgenic  mice,  also  appeared  to  be  characteristic  of  sperm  from  the  male  partners  of  human 
couples  with  unexplained  infertility,  but  not  of  sperm  from  fertile  controls.  These  results 
support  the  notion  of  a  role  for  stress-related  changes  in  AChE  expression  in  impaired  sperm 
quality  in  humans  as  well.  The  differential  AChE-R  staining  patterns  observed  in  the  two 
human  groups  suggest  AChE-R  labeling  as  a  possible  useful  marker  for  stress-related  male 
infertility,  and  strengthen  the  notion  that  stress-associated  overexpression  of  AChE-R  may  be 
a  risk  factor  in  fertility  disturbances. 

AChE-R  as  a  molecular  target  for  understanding  and  resolving  various  aspects  of  male 
infertility 

As  anticholinesterases  were  shown  to  induce  overproduction  of  AChE-R  (see  Introduction), 
our  findings  may  also  explain  the  impaired  sperm  properties  and  male  infertility  associated 
with  exposure  to  agricultural  insecticides  or  other  anti  cholinesterase  agents  (Sarkar  et  al., 
2000;  Tielemans  et  al.,  1999).  If  so,  these  findings  further  imply  potential  modes  of 
intervention,  including  blockade  of  AChE  feedback  overexpression,  prevention  of  the  shift  in 
alternative  splicing  from  AChE-S  to  AChE-R,  and  selective  antisense  suppression  of  AChE-R 
(Shohami  et  al.,  2000).  In  the  brain,  AChE  feedback  overexpression  was  shown  to  be 
independent  of  the  hypothalamus-pituitary  axis  (Kaufer  et  al.,  1998).  Nevertheless,  the  recent 
demonstration  of  a  functional  glucocorticoid  response  element  in  the  extended  AChE 
promoter  (Grisaru  et  al.,  2000)  suggests  a  glucocorticoid-mediated  component  to  stress- 
related  AChE  overexpression.  This  could  be  examined  in  glucocorticoid-receptor  knockout 
mice  (Jolly  and  Morimoto,  1999;  Tronche  et  al.,  1999).  AChE-R  thus  presents  a  previously 
unrecognized  target  for  studying,  analyzing  and  treating  stress-induced  human  male 
infertility. 
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Development  of  AChE  variant-specific  antibodies  for  the  demonstration  of  differential 
expression  of  variants  in  hematopoietic  cells  (task  3) 

A.  Development  of  human  antibody  fragments  directed  towards  synaptic 
acetylcholinesterase  using  a  semi-synthetic  phage  display  library 

Acetylcholinesterase  (AChE)  hydrolyzes  the  neurotransmitter  acetylcholine  at  cholinergic 
synapses,  but  also  exercises  morphogenic  activities  (Soreq  and  Seidman,  2001).  Three  C- 
terminal  variants  are  generated  by  alternative  splicing  of  the  single  ACHE  gene  transcript. 
“Synaptic”  AChE-S  constitutes  the  principal  variant  protein  in  brain  and  muscle,  and  plays  an 
important  role  in  growth-regulating  processes  affecting  neurons,  independently  of  its  catalytic 
activity  (Stemfeld  et  al.,  1998).  “Readthrough”  AChE-R  is  a  secretory,  non-synaptic  form  of 
the  enzyme  that  is  expressed  in  embryonic  and  tumor  cells  (Karpel  et  al.,  1994),  and  is 
induced  under  psychological  and  chemical  stressors,  including  therapeutic  anticholinesterases 
(Friedman  et  al.,  1996;  Kaufer  et  al.,  1998).  In  addition,  a  peptide  derived  from  the  unique  C- 
terminal  sequence  of  AChE-R  has  by  itself  haematopoietic  growth-factor-like  activity  (Grisaru 
et  al.,  2001).  “Erythrocytic”  AChE-E  possesses  a  C  terminus  with  the  potential  for 
phosphoinositide  linkage  to  the  external  membrane  of  red  blood  cells  (Futerman  et  al.,  1985). 

Alzheimer’s  disease  involves  complex  changes  in  acetylcholine-mediated  neurotransmission 
(Coyle  et  al.,  1983).  Current  therapies  include  inhibitors  of  AChE  aimed  at  restoring  the 
cholinergic  balance  (Schneider,  2001).  However,  increased  AChE  activity  has  been  reported 
in  the  cerebrospinal  fluid  of  Alzheimer’s  disease  patients  treated  with  inhibitors  of  the  enzyme 
(Nordberg  et  al.,  1999),  which  is  consistent  with  AChE-R  accumulation  in  the  mouse  brain 
under  exposure  to  commonly  used  anticholinesterases  (Kaufer  et  al.,  1998).  Excess  AChE 
accumulation  may  be  detrimental,  due  to  the  non-catalytic  structural  roles  of  the  protein. 
Indeed,  transgenic  mice  overexpressing  AChE-S  show  late-onset  deterioration  in  cognitive 
(Beeri  et  al.,  1995,  1997)  and  neuromotor  (Andres  et  al.,  1997)  functions  reminiscent  of 
Alzheimer’s  disease.  Moreover,  accumulation  of  a  yet  undefined  AChE  variant  has  been 
observed  in  amyloid  plaques  of  Alzheimer’s  patients  (Wright  et  al,  1993),  and  AChE- 
amyloid-(3  complexes  were  reported  to  be  more  neurotoxic  than  (3-amyloid  peptide  alone 
(Alvarez  et  al.,  1998). 

Obtaining  monoclonal  antibodies  directed  against  the  C-terminal  region  unique  to  each  human 
AChE  variant  would  be  useful  for  research  into  the  mechanisms  by  which  such  variants  signal 
their  morphogenic  functions,  as  well  as  for  studying  their  specific  roles  in  the  etiology  and 
drug  treatment  of  Alzheimer’s  disease,  and  as  surrogate  markers  for  stress  and  inhibitor 
exposure. 

The  phage  antibody  libraries  offer  an  alternative  way  to  isolate  antibodies  with  many  different 
specificities  (Marks  et  al.,  1991;  Griffiths  et  al.,  1993;  Nissim  et  al.,  1994;  Hoogenboom  et 
al.,  1999).  Selected  specific  antibodies,  phage  displayed  or  secreted  from  infected  bacteria, 
can  be  readily  used  as  reagents  in  immunoblotting,  immunohistochemistry,  flow  cytometric 
analysis  and  other  applications  (Harrison  et  al.,  1996). 

We  used  a  library  of  antibodies  encoded  by  human  variable-gene  segments  rearranged  in  vitro, 
and  displayed  on  the  M13  bacteriophage  surface  as  single-chain  Fv  (scFv)  antibodies  (Nissim 
et  al.,  1994).  Synthetic  biotinylated  peptides  representing  the  C-terminal  sequence  unique  to 
human  AChE-S  were  used  as  targets  for  selection.  Three  scFv  antibodies  were  obtained  which 
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are  highly  specific  for  the  AChE  Synaptic  Peptide  (ASP)  and  interact  with  the  authentic 
AChE-S. 


Materials  and  Methods 

Preparation  of  biotinylated  peptides 
Two  peptides,  ASP: 

NH2-DTLDEAERQWKAEFHRWSSYMVHWKNQFDHYSKQDRCSDL-COOH,  and 
ARP: 

NH2-GMQGPAGSGWEEGSGSPPGVTPLFSP-COOH, 
were  prepared  by  solid-phase-techniques  (Atherton  and  Sheppard,  1989)  with  a  4334  peptide 
synthesizer  (Applied  Biosystems,  Foster  City,  CA),  and  biotinylation  was  performed  on  the 
protected  peptide  before  cleavage  from  the  resin.  The  non-biotinylated  ARP  and  ASP  C-ter, 
the  latter  representing  the  C-terminal  23  amino  acid  residues  of  ASP,  were  kindly  provided  by 
Dr.  M.  J.  Gait  (MRC,  UK;  Grisaru  et  al.,  2001).  Peptides  were  purified  by  high-performance 
liquid  chromatography  to  greater  than  90%  homogeneity. 

Selection  of  phage  display  antibody  library 

We  used  a  phage  display  human  semi-synthetic  library  of  >  108  scFv  antibodies  (Nissim  et  al., 
1994)  for  selection.  An  aliquot  of  the  library  (50  pi,  1013  t.u./ml)  was  two-fold  diluted  in  PBS, 
0.2%  BSA  (BSA-PBS)  (selection  buffer)  containing  0.1%  Tween  20,  and  then  incubated  with 
4  pM  biotinylated  ASP  for  1  h  at  room  temp.  In  parallel,  3  x  107  streptavidin-coated 
paramagnetic  beads  (Dynal,  Oslo,  Norway)  were  blocked  with  1%  BSA-PBS,  washed  with 
PBS  and  resuspended  in  100  pi  of  selection  buffer.  Streptavidin  beads  and  phage  were  mixed 
and  left  for  1 5  min  on  a  rotating  wheel  at  room  temp.  After  5  washes  with  selection  buffer,  5 
washes  with  PBS,  0.1%  Tween  20  (PBS-T),  and  5  washes  with  PBS,  the  captured  phage  were 
eluted  by  incubating  the  beads  in  40  pi  4  M  NaCl,  50  mM  Tris-HCl,  pH  7.5  for  30  min  at 
room  temp;  the  eluates  were  diluted  to  150  pi  with  water.  The  recovered  phage  particles  were 
amplified  in  the  K  coli  amber  suppressor  strain  TGI,  and  used  in  a  further  round  of  selection 
after  rescue  with  the  helper  phage  KM  13  (Kristensen  and  Winter,  1998)  followed  by  PEG 
(20%  polyethylene  glycol,  MW  6000;  2.5  M  NaCl)  precipitation  of  the  supernatant  of  the 
infected  bacteria  (Harrinson  et  al.,  1996).  Before  the  second  round,  streptavidin  binders  were 
depleted  by  preadsorption  on  a  streptavidin-coated  (10  pg/ml)  tube.  Selection  was  then 
repeated  as  above;  to  increase  the  specificity  and  the  stringency  of  selection,  2  rounds  of 
antigen  binding  using  2  pM  ASP-biotin  were  performed  before  phage  growth  in  bacteria 
("double  round"). 

Screening  and  sequencing  of  clones 

Screening  of  phage  binders  was  done  as  described  with  minor  variations  (Harrinson  et  al., 
1996).  Briefly,  selected  phage  were  rescued  from  single  ampicillin-resistant  colonies  of 
infected  E.  coli  TGI  using  the  helper  phage  KM13.  Bacterial  supernatants  containing  the 
rescued  phage  were  preincubated  with  the  biotinylated  ASP,  at  the  same  concentration  and 
conditions  as  used  for  the  first  round  of  selection,  and  then  added  to  a  streptavidin-coated  (10 
pg/ml)  microtiter  plate  to  detect  phage  binding  by  ELISA.  As  negative  controls,  supernatants 
preincubated  without  the  biotinylated  antigen  were  used.  The  diversity  of  selected  clones  was 
determined  by  PCR  amplification  using  as  primers  LMB3  (5-CAGGAAACAGCTATGAC- 
3')  and  fd-SEQl  (5-GAATTTTCTGTATGAGG-3')  and  DNA  sequencing  of  scFv  inserts  with 
an  automated  ABO  77  sequencer  (Applied  Biosystems,  Foster  City,  CA).  Characterized 
monoclonal  phage  were  used  as  reagents  after  PEG  precipitation  and  quantification  of  the 
number  of  t.u.  (Harrinson  et  al.,  1 996). 
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Induction  of  soluble  scFvs,  preparation  of  periplasmic  fraction,  and  purification  of  antibody 
fragments 

Once  the  antiASP  1  scFv  antibody  was  selected,  it  was  further  engineered  with  6  consecutive 
C-terminal  histidine  residues.  To  this  end,  a  PCR  amplified  product  encoding  the  scFv 
antibody  was  purified  and  digested  with  the  restriction  enzymes  Ncol  and  Noth  The  resultant 
750  bp  DNA  fragment  was  gel-purified  and  ligated  into  the  Ncol  -  Notl  restriction  sites  of  the 
phagemid  vector  pHENl/pTI2  (kindly  donated  by  Dr.  I.  Tomlinson,  MRC,  UK)  encoding  the 
His6  tail.  The  ligation  product  was  introduced  into  the  Kcoli  strain  TGI  by  electroporation. 
Transformants,  picked  out  from  ampicillin-resistant  colonies,  were  checked  for  antiASP  1 
scFv  amino  acid  sequence  and  C-terminal  histidine  residues  deduced  after  PCR  amplification 
and  DNA  sequencing.  AntiASP  1  phage  with  the  His6  tail  were  rescued  from  selected  TGI 
transformants  using  the  helper  phage  KM  13,  concentrated  with  PEG,  and  used  to  infect  (non¬ 
suppressor)  E.  coli  HB2151.  Monoclonal  His6-tagged  scFvs  were  harvested  from  the 
periplasmic  fraction  of  1  1  cultures  of  infected  HB2151  bacteria  induced  overnight  with 
isopropyl-P-D-thiogalactoside  at  30  °C  (Harrinson  et  al.,  1996),  and  purified  over  Ni-NTA 
resin  following  the  protocol  provided  by  the  manufacturer  (Qiagen).  To  avoid  protein 
degradation,  a  protease  inhibitor  cocktail  (Sigma  Chemical  Co.,  St.  Louis,  MO)  was  added 
(0.4  mg/ml)  to  the  periplasmic  fraction,  and  the  whole  protocol  was  carried  out  at  4  C.  After 
eluting  from  the  Ni-NTA  resin  with  250  mM  imidazole,  300  mM  NaCl,  50  mM  Na- 
phosphate,  pH  8.0,  the  purified  antibody  fragments  were  dialyzed  overnight  against  PBS  and 
used  immediately  or  stored  at  -80  °C  with  10%  glycerol.  The  purified  scFvs  were  estimated  to 
be  >  90%  pure  by  gel  electrophoresis  and  Coomassie  staining.  Protein  concentration  was 
determined  with  a  protein  assay  kit  (Bio-Rad,  Hercules,  CA). 

Specificity  evaluation  of  selected  antibodies 

Specificity  of  monoclonal  phage  antibodies  was  assessed  by  ELISA,  essentially  as  described 
by  Henderikx  et  al.  (1998),  using  indirectly  coated  ASP.  Briefly,  biotinylated  BSA  was  added 
to  a  microtiter  plate  at  a  concentration  of  5  jig/ml  in  PBS,  and  incubated  overnight  at  4  C. 
After  3  washes  with  PBS,  streptavidin  (10  pg/ml  in  PBS,  0.5%  gelatin)  and  1  jig/ml  of  the 
biotinylated  antigen  (ASP,  or  ARP  as  negative  control)  in  3%  BSA-PBS  were  applied  in 
consecutive  steps.  After  coating,  1011  t.u./ml  of  the  indicated  monoclonal  phage  were  added  to 
different  wells.  Phage  binding  was  then  detected  with  a  1:5000  dilution  of  horseradish 
peroxidase/anti-M  13 -conjugated  antibody  (Amersham  Pharmacia  Biotech,  Little  Chalfont, 
UK).  Phage  and  secondary  antibody  were  diluted  in  3%  BSA-PBS.  All  incubations  were  for  1 
h  at  room  temp,  and  followed  by  3  washes  with  0.1%  PBS-T  and  3  washes  with  PBS.  In  the 
competition  experiments,  the  incubation  step  with  the  phage  was  performed  in  the  presence  of 
the  indicated  concentrations  of  human  recombinant  AChE-S  (Sigma)  or  ARP.  For  specificity 
analysis  of  the  soluble  antiASP  1  scFv  antibody,  the  same  ELISA  protocol  was  carried  out, 
but  the  concentration  of  biotinylated  ASP  or  ARP  was  increased  (5  pg/ml).  In  these 
experiments,  the  myc  tag  was  exploited  for  detection  of  antibody  fragments.  This  peptide  tag 
was  originally  incorporated  into  the  expression  vector  of  the  library  subjected  to  selection  to 
be  appended  to  the  scFvs  (Nissim  et  al.,  1994).  Purified,  dialyzed  scFv  antibodies  were  added 
to  each  coated  well  at  a  concentration  of  0.35  mg/ml  in  3%  BSA-PBS.  Bound  scFvs  were 
detected  by  adding  together  1 :500  dilutions  of  the  9E10  antibody  (Santa  Cruz  Biotechnology, 
Santa  Cruz,  CA),  which  recognizes  the  c-myc  epitope  (Munro  and  Pelham,  1986),  and 
peroxidase-conjugated  goat  anti-mouse  IgG  (Jackson  ImmunoResearch  Laboratories,  West 
Grove,  PA)  in  3%  BSA-PBS.  Peroxidase  activity  was  measured  with  0.1  mg/ml  of  3,3’, 5,5’- 
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tetramethylbenzidine  containing  0.012%  hydrogen  peroxide  in  0.1  M  sodium  acetate,  pH  6. 
The  reaction  was  stopped  with  1  M  H2S04,  and  the  resulting  absorbance  was  measured  at  450 
nm  in  a  microtiter  plate  reader  (Molecular  Devices,  Sunnyvale,  CA). 

Affinity  measurement  using  the  BIAcore  technology 

The  affinity  of  binding  between  the  anti  ASP  1  scFv  antibody  and  its  epitope  was  determined 
using  the  technique  of  SPR  (BIAcore  3000  System,  Uppsala,  Sweden)  (Roden  and  Myzka, 
1996).  The  ASP  C-ter,  human  recombinant  AChE-S  (Sigma)  and  ARP  were  immobilized  in 
the  different  flow  cells  of  a  CM5  sensor  chip  using  standard  amine  coupling  procedure  (Lofas 
and  Johnsson,  1990).  To  this  end,  the  ASP  C-ter  peptide  was  dissolved  to  a  concentration  of 
100  pg/ml  in  10  mM  acetate  buffer,  pH  4.5,  which  is  below  its  isoelectric  point,  to  permit 
preconcentration  of  the  peptide  on  the  biosensor  matrix  of  the  BIAcore  chip  via  electrostatic 
interactions.  Immobilization  was  carried  out  using  a  flow  of  10  pl/min  to  obtain  1000  RU. 
Recombinant  AChE-S  was  diluted  to  a  concentration  of  0.87  |lM  in  10  mM  sodium  acetate, 
pH  3.8,  and  ARP  to  100  pg/ml  in  10  mM  glycine,  pH  3.0,  for  direct  immobilization  to  the 
chip  surface  of  2664  RU  and  320  RU,  respectively.  In  all  cases,  the  same  flow  of  10  pl/min 
was  used.  The  purified  scFv  antiASP  1  protein  was  then  diluted  in  10  mM  HEPES,  pH  7.4, 
150  mM  NaCl,  3  mM  EDTA  and  0.005%  (v/v)  polysorbate  20,  and  passed  through  the 
different  flow  cells  on  the  sensor  chip  at  20  pl/min  using  concentrations  ranging  from  125  to 
1000  nM.  To  eliminate  the  contribution  of  non-specific  binding,  the  antiASP  1  scFv  antibody 
was  passed  through  a  blank  flow  cell  as  well.  The  dissociation  constants  were  calculated  using 
the  BIAevaluation  software. 


Results 

Selection  of  human  phage  antibodies  to  ASP 

Two  rounds  of  selection  were  performed  using  biotinylated  ASP  in  solution.  The  conditions 
of  the  second  round,  in  which  2  consecutive  incubations  with  antigen  were  performed  before 
phage  amplification  in  bacteria  (“double  round”),  were  designed  to  enrich  the  population  in 
specific  binders  as  opposed  to  phage  with  growth  advantages.  A  significant  decrease  in  phage 
titers  coming  from  the  second  double  round  demonstrated  the  stringency  of  these  selection 
conditions.  Whereas  in  the  first  simple  round,  an  output  phage  of  7.5  x  1 05  t.u.  was  obtained 
for  an  input  of  5  x  1012  t.u.,  only  1.5  x  102  t.u.  were  recovered  after  the  second  double  round 
for  the  same  input  titer.  No  doubt,  the  preabsorption  on  a  streptavidin-coated  tube  to  deplete 
streptavidin  binders  also  contributed  to  this  low  yield.  Under  these  conditions,  an 
extraordinarily  high  frequency  (44/96,  46%)  of  specific  anti-ASP  monoclonal  phage 
antibodies  was  found  following  2  rounds  of  selection  (Fig.  1).  Different  clones  were  then 
picked  out  for  DNA  sequencing,  to  determine  the  diversity  of  the  selected  antibodies.  Three 
distinct  specific  clones  to  ASP  were  identified,  namely  antiASP  1,  2  and  3  (Table  1).  AntiASP 
1  was  dominant  in  the  population,  representing  4  of  the  1 0  sequenced  clones.  Moreover,  the 
Vh-CDR3  sequences  of  antiASP  1  and  2  are  closely  related,  both  including  the  SRPS  motif, 
attesting  to  the  sequence  specificity  of  their  antigen-antibody  interactions.  Interestingly, 
antiASP  1,  2  and  3  were  not  found  among  the  sequenced  clones  picked  out  after  the  first 
simple  round  (sequences  not  shown),  indicating  their  low  concentration  in  the  population  until 
this  step.  Also,  the  percentage  of  anti-ASP  phage  antibodies  was  much  lower  in  the  first  round 
(10/96,  10%)  than  in  the  second  round,  demonstrating  efficient  enrichment  in  specific  binders 
owing  to  double  selection  before  phage  growth  in  bacteria. 
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Table  1.  Vh-CDR3  sequences  of  antibody  fragments  selected  against  ASP-biotina 


Antibody  designation 

Deduced  VH-CDR3  sequence 

Frequency 

antiASP  1 

SRPSI 

4/10 

antiASP  2 

SRPSH 

1/10 

antiASP  3 

GARFKE 

1/10 

non-specific 

HRAYYS 

1/10 

non-specific 

NSEV 

1/10 

non-specific 

CDMHG 

1/10 

non-specific 

REPVA 

1/10 

aThe  diversity  of  selected  clones  was  determined  by  PCR  amplification  and  DNA  sequencing 
of  scFv  inserts.  After  2  rounds  of  selection,  3  different  specific  anti-ASP  clones  were 
identified  (antiASP  1,  2  and  3)  from  deduced  amino  acid  sequences  of  Vh-CDR3.  Moreover, 
the  germline  origin  of  the  selected  ASP-specific  antibodies  was  determined,  according  to  the 
nomenclature  described  in  Tomlison  et  al.  (1992).  The  two  closely  related  antibody  fragments, 
antiASP  1  and  2,  use  DP -24  and  DP-3  germline  segments,  respectively;  both  belonging  to  the 
VH1  family.  AntiASP  3  uses  DP-32  oftheVH3  family. 
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Fig.  1.  Enrichment  of  anti- ASP  phage  after 
two  rounds  of  selection.  Shown  are 
absorption  values  for  culture  supernatants  of 
single  bacterial  clones  producing  selected 
phage  antibodies.  Incubation  was  with 
biotinylated  ASP,  followed  by  addition  to 
streptavidin  coated  wells  of  a  microtiter  plate. 
Supernatants  preincubated  without  the 
biotinylated  antigen  were  used  as  negative 
controls.  Binding  of  phage  was  detected  via 
an  anti-M13  peroxidase  conjugate  as 
absorption  at  450  nm.  Phage  antibodies  were 
considered  specific  when  A450  ratios  of 
experimental  to  controls  exceeded  3. 


In  a  parallel  search  for  ARP-specific  antibodies,  2  selection  attempts  were  performed  against 
different  concentrations  (8  and  40  (J.M)  of  the  biotinylated  peptide.  None  of  the  selected  phage 
antibodies  were  found  to  be  specific  for  ARP.  In  protein  blots  using  a  polyclonal  rabbit 
antibody  generated  against  ARP  (Stemfeld  et  al.,  2000),  we  found  that  the  synthetic  peptide 
easily  forms  self-aggregates  of  high  molecular  weight,  even  in  the  presence  of  the  dissociating 
agents  sodium  dodecyl  sulphate  and  urea  (data  not  shown).  The  antigenic  determinants  in 
ARP  would  be  likely  hidden  inside  of  these  aggregates,  interfering  with  the  antibody 
selection.  ASP  therefore  appeared  to  be  much  more  immunogenic  than  ARP. 
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Selected  scFv  antibodies  are  highly  specific  for  ASP  and  do  not  interact  with  ARP 
To  exclude  the  possibility  that  the  3  isolated  anti-ASP  monoclonal  phage  would  also  interact 
with  the  distinct  C-terminal  peptide  unique  for  human  AChE-R,  an  ELISA  was  performed 
(Fig.  2).  The  absorbance  signal  was  specific  for  all  phage  antibodies,  since  they  reacted 
strongly  with  ASP,  the  antigen  used  for  selection,  but  not  with  ARP.  AntiASP  1  showed  the 
highest  specific  signal,  as  expected  for  the  dominant  clone  in  the  population  after  2  rounds  of 
selection. 


The  selected  antiASP  1  was  engineered  with  6  consecutive  C-terminal  histidine  residues,  as 
described  in  Materials  and  Methods.  AntiASP  1  phage  with  the  embodied  histidine  residues 
were  used  to  infect  the  non-suppressor  HB2 1 5 1  strain  of  E.  coli,  which  was  then  induced  to 
produce  free  scFvs  (Harrison  et  al.,  1996).  The  His6-tagged  antibody  fragments  purified  over 
a  Ni-NTA  resin  were  highly  specific  for  ASP  as  judged  by  ELISA,  and  did  not  interact  with 
ARP  (Fig.  3).  This  assay  thus  reinforced  the  results  obtained  for  the  phage  display  antibody. 

Fig.  2.  Specificity  analysis  of 
monoclonal  phage  antibodies.  An 

ELISA  was  carried  out  using  wells 
indirectly  coated  with  ASP  or  ARP,  to 
check  the  specificity  of  selected 
antibodies.  For  the  coating,  BSA-biotin, 
streptavidin  and  the  biotinylated  antigen 
(ASP  or  ARP)  were  applied  to  a 
microtiter  plate  in  consecutive  steps,  as 
described  in  Materials  and  Methods. 
After  last  wash,  1010  t.u.  of  phage  were 
added  to  different  wells.  Detection  of 
bound  phage  was  as  in  Figure  1.  Values 
reported  are  average  ±  standard 
deviation  from  4  independent 
determinations.  Inset:  a  schematic  representation  of  the  ELISA. 


antiASP  1  <uUiASP2  antiASP  3 


Fig.  3.  Specificity  analysis  of  soluble  antiASP  1  scFv 
antibody.  The  ELISA  protocol  was  carried  out  as  for  phage 
antibodies  (Fig.  2),  except  the  last  detection  step.  Thereby, 
9E10  and  secondary  anti -mouse  peroxidase  antibodies  were 
used  to  detect  the  myc-tagged  scFvs.  Average  ±  standard 
deviation  values  are  shown  for  three  different  measurements. 


□  ( with  ASP 
f/j  ('o;ilin“  with  ARP 
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AntiASP  1  recognizes  authentic  AChE-S 

To  test  whether  the  antiASP  1  monoclonal  phage  antibody  would  also  be  selective  for  native 
AChE-S,  a  competitive  ELISA  was  performed  (Fig.  4).  The  antiASP  1  clone  was  chosen  due 
to  its  high  occurrence  after  the  last  round  of  selection  (Table  1)  and  because  it  exhibited  the 
strongest  interaction  with  ASP  in  ELISA  (Fig.  2).  Phage  were  mixed  with  increasing 
concentrations  of  AChE-S  or  ARP,  and  then  added  to  different  wells  of  a  microtiter  plate 
coated  with  ASP.  The  AChE-S  protein  acted  as  a  competitor  diminishing  the  binding  of  the 
antiASP  1  phage  to  the  wells,  suggesting  that  the  phage  antibody  interacted  specifically  with 
soluble  AChE-S.  About  70%  of  the  binding  was  abolished  in  the  presence  of  0.5  jxM  AChE-S, 
whereas  no  effect  was  observed  in  the  case  of  soluble  ARP  (Fig.  4),  even  when  a  8  (J.M 


Fig.  4.  AChE-S  specific  interaction  with 
antiASP  1  analysed  by  competitive 
ELISA.  ASP-biotin  (100  ng,  19  pmol)  was 
indirectly  immobilized  as  in  Figure  2. 
AntiASP  1  phage  suspension  (100  pi;  1011 
t.u./ml)  was  added  to  the  ASP-coated  wells 
in  the  presence  of  increasing  concentrations 
of  either  human  recombinant  AChE-S 
(black  column)  or  ARP  (white  column). 

,  , ,  .  Average  ±  standard  deviation  values  are 

n  0.02  o.l  o.>  ° 

( 'ompctilor  (jiM)  shown  (fl  —  2). 

AntiASP  1  binds  to  its  antigen  with  micromolar  affinity 

The  binding  affinity  of  the  soluble  antiASP  1  scFv  antibody  was  determined  using  SPR  in  the 
BIAcore  3000  system.  A  peptide  with  the  sequence  of  the  23  C-terminal  residues  of  AChE-S 
(ASP  C-ter),  human  recombinant  AChE-S  and  ARP  were  immobilized  in  the  different  flow 
cells  of  a  CM5  sensor  chip.  The  scFv  purified  antiASP  1  was  passed  through  the  flow  cells  at 
several  concentrations,  and  the  kinetic  constants  were  determined  by  the  evaluation  software 
of  the  BIAcore  version  1 .2.  The  best  fit  for  the  binding  curves  was  obtained  using  the  bivalent 
analyte  model,  suggesting  that  the  antibody  fragments  can  partly  associate  to  form  a  mixture 
of  dimers  and  monomers  (Nissim  et  al.,  1994).  The  measured  affinities  of  antiASP  1  show 
dissociation  constants  at  the  micromolar  range:  1.6  x  10‘6  and  2.0  x  10‘6  M  for  ASP  C-ter  and 
AChE-S,  respectively.  No  interaction  was  observed  between  antiASP  1  and  ARP. 

The  ASP  C-ter,  unlike  ARP,  is  rich  in  polar  residues,  which  are  often  exposed  and  involved  in 
the  interactions  between  antibodies  and  antigens  (Chothia  and  Lesk,  1987).  In  the  Vh-CDR3 
of  antiASP  1,  the  replacement  of  an  isoleucine  with  a  histidine  residue  induces  a  diminution  in 
the  binding  signal  (Table  1  and  Figure  2,  antiASP  1  versus  2).  This  was  compatible  with 
electrostatic  repulsion,  due  to  the  high  number  of  basic  residues  in  ASP  C-ter  (2  His,  2  Lys, 
and  1  Arg). 


concentration  was  tested  (data  not  shown 
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Discussion 

During  recent  years,  non-classical  AChE  functions  have  been  established  by  several  research 
groups  (Layer  and  Willbold,  1995;  Bigbee  et  al.,  2000;  Soreq  and  Seidman,  2001). 
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Cumulative  information  attributes  some  of  these  alternative  activities  to  the  C-terminal 
variants  of  the  enzyme  (Stemfeld  et  al.,  1998,  2000).  However,  unequivocal  evidence  for  this 
heterogeneity  is  still  sparse.  Therefore,  obtaining  monoclonal  antibodies  with  the  capacity  to 
distinguish  among  AChE  protein  isoforms  will  be  of  utmost  importance  to  study  tissue  and 
cellular  distribution  of  each  variant,  and  to  determine  whether  specific  functions  may  be 
assigned  to  specific  variants. 

Our  current  findings  present  one  step  in  a  wider  effort  to  develop  research  tools  for  studying 
the  distinct  properties  of  AChE  variants.  Our  previous  preparation  of  a  polyclonal  rabbit 
antibody  against  a  glutathione  transferase  fusion  protein  with  ARP  (Stemfeld  et  al.,  2000) 
demonstrated  the  very  low  immunogenicity  of  ARP,  which  calls  for  improved  methods.  To 
this  end,  synthetic  peptides,  which  represent  the  C-terminal  sequences  unique  to  human 
AChE-S  and  AChE-R,  were  used  as  targets  for  selection  from  a  phage  display  antibody 
library.  This  methodology  offers  important  advantages  over  the  classical  hybridoma 
technology.  First,  phage  display  repertories  from  variable-genes  rearranged  in  vitro  enable  the 
isolation  of  monoclonal  antibodies  with  specificities  that  have  proved  difficult  by  animal 
immunization  and  classical  technology,  for  example  against  highly  conserved  intracellular 
proteins  (Nissim  et  al.,  1994). 

Second,  we  have  assumed  that  the  sequence  homology  of  AChE  to  nervous  system  cell 
adhesion  proteins,  such  as  neurotactin,  neuroligin,  and  gliotactin,  is  the  basis  of  its 
morphogenic  functions  (Darboux  et  al,  1996;  Grifman  et  al.,  1998;  Grisaru  et  al.,  1999). 
Interaction  of  AChE  variants  with  distinct  protein  partners  would,  therefore,  modify  cellular 
signaling  to  cause  clearly  different  biological  effects  (Grisaru  et  al.,  1999).  A  suitable 
approach  to  the  identification  of  these  protein  partners  should  be  to  screen  phage  display 
random  peptide  libraries,  since  central  to  this  strategy  is  the  observation  that  peptides  isolated 
by  affinity  selection  from  such  libraries  typically  interact  with  biologically  relevant  domains 
of  the  target  protein  (Adey  and  Kay,  1997).  The  DNA  that  encodes  the  selected  peptides  can 
be  easily  sequenced  from  the  appropriate  region  in  the  viral  genome;  this  enables  a  search  of 
sequence  homologs  to  identify  potential  AChE  protein  partners.  Therefore,  the  acquired 
experience  with  phage  repertoires  during  the  selection  of  monoclonal  antibodies  will  be 
essential  to  undertake  the  next  goals  of  the  project.  Furthermore,  the  amino  acid  VH-CDR3 
sequences  of  antibody  fragments  selected  from  phage  libraries  can  be  readily  deduced.  The 
Vh-CDR3  is  the  most  important  region  in  the  recognition  between  antigen  and  antibody 
(Chothia  and  Lesk,  1987),  and  can  contribute  to  our  understanding  of  the  type  of  protein 
interactions  in  which  the  AChE  C- termini  may  be  involved. 

A  high  frequency  (46%)  of  phage  carrying  specific  anti-ASP  scFvs  was  found  after  2  rounds 
of  selection  against  the  biotinylated  peptide  in  solution  (Fig.  1).  The  DNA  sequencing  of 
selected  phage  antibodies  allowed  identification  of  3  different  clones,  2  of  them  with  closely 
related  VH-CDR3  (Table  1).  AntiASP  1  was  dominant  in  the  population,  representing  the  40% 
of  sequenced  clones,  and  showed  the  strongest  specific  signal  to  ASP  by  ELISA  (Fig.  2).  Most 
importantly,  antiASP  1  also  interacted  with  the  whole  AChE-S  protein  as  judged  by 
competitive  ELISA  and  BIAcore  analysis  (Fig.  4  and  SPR  results),  in  accordance  with 
previous  work  that  demonstrated  the  ability  of  antibodies  selected  against  peptides  from  phage 
display  libraries  to  recognize  the  native  protein  (Henderikx  et  al.,  1998;  Persic  et  al,  1999). 

The  antigenic  determinant  for  antiASP  1  is  located  within  the  C-terminal  23  amino  acids  of 
ASP,  as  BIAcore  analysis  showed  interaction  between  the  soluble  scFv  antibody  and  the  ASP 
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C-ter.  By  hybridoma  technology,  Boschetti  et  al.  (1996)  obtained  monoclonal  antibodies 
against  a  peptide  with  the  sequence  of  the  1 0  C-terminal  residues  of  AChE-S;  these  antibodies 
recognized  the  brain  enzyme.  All  together,  these  observations  demonstrate  that  the  C-terminal 
sequence  of  ASP  is  an  efficient  and  physiologically  exposed  immunogen,  capable  of 
interacting  with  antibodies  also  when  part  of  the  complete  protein.  This  is  an  important 
consideration  since  the  structural  properties  of  ASP  are  not  yet  known.  Besides  surface 
exposure  and  accessibility  to  the  large  antibody  molecule  (Thornton  et  al.,  1986),  protein 
regions  corresponding  to  antigenic  peptides  are  thought  to  possess  high  mobility.  So,  based  on 
X-ray  crystallographic  temperature  factors,  Tainer  et  al.  (1984)  showed  that  anti-peptide 
antibodies  against  highly  mobile  regions  react  strongly  with  the  native  protein,  while  anti¬ 
peptide  antibodies  from  well-ordered  regions  do  not.  These  authors  suggest  that  molecular 
mobility  could  be  an  essential  part  not  only  of  the  antigenic  recognition  process  but  also  of 
protein-protein  recognition  in  general. 

The  core  domain  common  to  all  AChE  variants  possesses  a  high  degree  of  sequence 
homology  with  adhesion  proteins  but  lacks  the  capacity  to  form  protein  interactions  by  itself. 
In  contrast,  their  variable  C-terminal  chains  could  interact  with  distinct  protein  partners.  The 
AChE-S  variant  includes  an  exon  6-encoded  40  residue  C-terminal  extension  (ASP),  which 
initiates  by  a  putative  amphipathic  ring  formed  by  the  closest  16  amino  acids  to  the  core 
domain  of  the  protein  (Soreq  and  Glick,  2000).  This  amphipathic  ring  may  enable  the 
attachment  of  AChE-S  to  membranes.  On  the  other  hand,  our  experimental  data  indicate  that 
the  C-terminal  23  amino  acid  sequence  of  ASP  is  highly  exposed  and  mobile,  suitable  for 
participation  in  protein-protein  interactions  when  it  is  not  involved  in  dimerization  of  AChE 
subunits  through  its  cysteine  residue. 

In  conclusion,  we  have  selected  human  antibody  fragments,  which  are  highly  specific  for  the 
C-terminal  sequence  unique  to  human  AChE-S.  The  dissociation  constants,  calculated  by  SPR 
in  BIAcore,  are  1.6  x  10'6  M  for  the  interaction  between  ASP  C-ter  and  anti  ASP  1,  and  2.0  x 
10'6  M  for  the  interaction  between  AChE-S  and  anti  ASP  1,  within  the  affinity  range  expected 
for  scFv  antibodies  selected  from  phage  display  libraries  (Marks  et  al.,  1991;  Griffiths  et  al., 
1993;  de  Kruif  et  al.,  1995).  Antibodies  with  improved  affinities  can  be  obtained  by  diverse 
means  (Marks  et  al.,  1992;  Vaughan  et  al.,  1996;  Neri  et  al.,  1997).  However,  affinity 
maturation  may  not  be  required  for  in  vivo  biological  effects  or  for  other  applications. 
Thereby,  antiASP  1  should  be  useful  for  a  quantitative  assay  (ELISA  or  immunoblot-type)  for 
the  determination  of  AChE-S  levels  in  tissues  and  body  fluids,  for  example  during  embryonic 
development  and  neurogenesis  and  in  syndromes  such  as  Alzheimer’s  disease,  and  for 
studying  other  processes  in  which  AChE  is  involved.  For  these  purposes,  antiASP  1  can  be 
used  as  either  phage  displayed  or  soluble  scFvs,  the  latter  being  easy  to  purify  through  their 
His6-tag  and  detect  by  their  myc-tag.  Determination  of  AChE-S  levels  in  ageing  and 
dementia  should  be  of  particular  interest. 

B.  Differentially  modulated  expression  of  acetylcholinesterase  C-terminal  variants  in 
hematopoietic  cells 

Hematopoiesis  is  an  active  and  complex  process  of  cell  division,  commitment  and  maturation 
that  is  regulated  by  interactive  pathways,  intimate  cell-cell  contacts  and  release  of  growth 
factors  that  are  only  partially  understood.  AChE  is  found  in  multiple  blood  cell  lineages  and 
has  been  proposed  to  exert  morphogenic  roles  unrelated  to  its  well-known  involvement  in 
cholinergic  neurotransmission.  AChE  is  therefore,  an  intriguing  candidate  for  both  cell-cell 
interactions  and  growth  factor  roles  in  hematopoietic  regulation.  The  ACHE  gene,  through 
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alternative  splicing,  produces  3  C-terminally  distinct  proteins  (Fig.  6):  AChE-S,  with  an 
amphipathic  C-terminus,  AChE-E,  C-terminally  attached  to  red  blood  cells  through  a 
glycophosphatidoinositide  anchor  and  AChE-R,  with  a  hydrophilic  C-terminus.  Recently,  the 
C-terminal  sequence  that  is  unique  to  the  AChE-R  variant  emerged  as  an  independent 
hematopoietic  modulator  (Grisaru  et  al.,  2001).  To  further  investigate  these  properties, 
selective  antibodies  have  been  produced  against  the  C-termini  of  AChE-S  and  AChE-R,  ASP 
and  ARP  respectively.  Anti-ARP  (Stemfeld  et  al.,  2000)  is  a  rabbit  polyclonal  antibody  while 
anti-ASP,  was  selected  from  a  bacteriophage  library  of  monoclonal  single-chain  antibodies 
(Flores-Flores  et  al.,  in  press).  Here,  we  report  the  use  of  these  two  antibodies  in  flow 
cytometry  to  resolve  the  complex  patterns  of  AChE  variants  and  their  C-terminal  peptides  in 
human  cord  blood  populations  (Fig  7).  Anti-ASP  primarily  displayed  surface  labeling  of 
hematopoietic  lineages,  whereas  anti-ARP  was  expressed  both  in  the  cytoplasmic  and  on  the 
surface  (Figs.  7,  8).  Lymphocytes  and  granulocytes  displayed  ARP  labeling  while  monocytes 
presented  ASP  (Figs  9,  10),  suggesting  that  hematopoietic  differentiation  is  accompanied  by  a 
shift  in  alternative  splicing. 
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Fig.  6.  The  variant  C-terminal  peptides  of  human  AChE.  Shown  are  the  amino  acid  C- 
terminal  sequences  unique  to  each  of  the  human  AChE  variants.  The  core  domain  (3-D 
cartoon)  is  similar  in  all  3,  but  the  C-terminus  is  characteristic  of  each  variant  (green,  red  and 
yellow  flags  on  the  cartoons).  Note  that  both  the  ASP  and  AEP  but  not  ARP,  include  cysteine 
residues  (starred  in  the  peptide  sequences),  which  enable  the  formation  of  RBC-associated 
AChE-E  dimers  and  synapse-associated  AChE-S  multimers.  Note  also  that  ASP,  the  longest 
peptide,  includes  a  putative  amphipathic  ring  that  may  enable  its  attachment  to  membranes, 
and  that  AEP  terminates  with  a  glycophosphoinositide  anchor  that  can  integrate  with 
membrane  phospholipids.  This  leaves  ARP  as  most  accessible  for  proteolytic  cleavage. 
Polyclonal  antibodies  produced  against  ARP  and  a  single  chain  antibody  selected  from 
bacteriophage  library  against  ASP  enable  distinct  detection  of  each  of  these  variants. 
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Fig.  7.  Detection  of  ASP  and  ARP  on  the 
surface  of  cord  blood  cell  populations. 

Cord  blood  cells  were  divided  into  4 
populations  depending  on  their  expression  of 
CD45  (A).  Red  dots,  are  lymphocytes,  green 
dots,  monocytes,  yellow  dots,  granulocytes 
and  blue  dots,  red  blood  cells.  Expression  of 
surface  ASP  was  detected  on  these 
populations  using  the  selected  phage  anti- 
ASP  antibody,  as  single  chain  antibody  with 
a  multi -histidine  or  MYC  tag.  Surface  ARP 
was  detected  with  the  use  of  a  polyclonal 
rabbit  antibody  against  the  C-terminal  end  of 
human  AChE-R.  Two  different  flourescent 
probes,  anti-MYC  FITC  (B  and  C)  and  anti- 
HIS  FITC  (D  and  E)  were  used  as  secondary 
labeling  to  verify  the  ASP  antibody  using 
flow  cytometry,  while  anti-rabbit  FITC  was 
used  to  verify  anti-ARP  (F  and  G).  Positive 
cells  were  defined  as  those  to  the  right  of  the 
black  gate.  Note  that  the  HIS  tag  is 
considerably  less  efficient  than  MYC, 
probably  since  it  is  lost  during  the 
preparation  of  the  anti-ASP  antibody  and 
disappears  (E).  Therefore,  further  studies 
used  anti-MYC  FITC. 


negative  controls  immunodetection 


fluorescence,  arbitrary  units 


Fig.  8.  Cytoplasmic  expression  of  ASP  and 
ARP  in  various  populations  of  cord  blood 
cells.  Cord  blood  cells  were  divided  into 
four  populations,  depending  on  their 
expression  of  CD45-PerCP.  Red  dots  are 
lymphocytes,  green  dots,  monocytes,  yellow 
does,  granulocytes  and  blue  dots,  red  blood 
cells,  as  in  Fig.  7.  The  intensity  of 
fluorescence  in  the  positive  cells  was  weak, 
less  than  two  log  units  (B  and  D),  as 
compared  to  controls  (A  and  C),  likely 
reflecting  a  low  expression  levels  of 
cytoplasmic  ASP  and  ARP  in  these  cells. 
This  is  compatible  with  the  AChE  protein 


being  secretory.  The  cytoplasmic  expression  of  ASP  appears  to  be  exclusive  to  the  monocytes 


(green  dots)  while  ARP  seems  to  be  expressed  cytoplasmically  in  lymphocytes  and 


monocytes. 
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Fig.  9.  Lymphocytes 
display  surface  ASP 
labeling.  Highly  CD45- 
expressing  lymphocytes 
selected  as  in  Fig.  6  were 
analyzed  for  their  ASP 
labeling  (black  box). 
Illustrated  above  are  dot 
plot  figures  of  surface 
labeling  with  FITC- 


tagged  anti-MYC  (negative  control,  A)  and  with  anti-ASP  (immunodetection,  B).  The 
abscissa  reflects  the  intensity  of  fluorescent  labeling,  with  104  being  the  highest  observed. 


RBC  granulocytes  monocytes  lymphocytes 
populations 


Fig.  10.  Differential  ASP  and  ARP  labeling  in 
leukocyte  populations.  ASP  and  ARP  expression 
was  quantified  by  flow  cytometry  in  the  cytoplasm 
and  on  the  surface  of  cord  blood  leukocyte 
populations.  Red  blood  cell  labeling  was  minimal 
for  both  antibodies,  lymphocytes  primarily  expressed 
surface  ARP,  granulocytes  expressed  predominantly 
surface  and  cytoplsmic  ARP,  while  monocytes 
expressed  surface  ARP  and  were  the  only  population 
that  significantly  expressed  ASP  both  on  their 
surface  and  in  their  cytoplasm. 
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Changes  in  neuronal  acetylcholinesterase  gene  expression  and  division  of  labor  in 

honey  bee  colonies  (task  3) 

Results  and  Discussion 

Treatment  with  an  AChE  inhibitor  improves  performance  in  a  learning  assay. 

Cholinergic  neurotransmission  has  been  implicated  in  honey  bee  olfactory  learning  (Cano 
Lozano  and  Gauthier,  1998;  Fresquet  et  al.,  1998;  Gauthier  et  al.,  1994),  but  the  influence 
of  AChE  modulation  is  still  unclear  (Fresquet  et  al.,  1998;  Gauthier  et  al.,  1992).  We 
hypothesized  that  reduced  AChE  activity  in  bees  enhances  performance  in  a  learning 
assay.  We  tested  this  by  injecting  foragers  with  the  organophosphate  AChE  inhibitor 
metrifonate  (Oh  et  al.,  1999)  (Sigma),  and  subjecting  them  to  a  well-established  olfactory 
associative  learning  assay  (Menzel  et  al.,  1974)  (Fig.  1).  Metrifonate-treated  bees  had  a 
significantly  higher  number  of  correct  responses  than  saline-treated  bees  (2.48  ±  0.26  SE 
vs.  1.93  ±  0.24,  p  <  0.03,  ANOVA).  They  also  had  a  faster  rate  of  acquisition,  with  the 
biggest  treatment  effect  apparent  during  the  second  odor  exposure.  These  results  indicate 
that  the  cholinergic  system  plays  an  important  role  in  olfactory  learning  in  honey  bees, 
consistent  with  most  of  the  previous  studies  (not  including  Fresquet  et  al.,  1998). 


Fig.  1.  Metrifonate  improves  bee  performance 
on  olfactory  learning  test.  Top.  A  scheme  of  the 
learning  assay.  Odor  exposure  (a  puff  of  geraniol- 
saturated  air)  was  coupled  with  a  reward  of  0.5  M 
sucrose  (droplet),  which  elicits  the  unconditioned 
response,  the  proboscis  (arrow)  extension  reflex 
(inter-exposure  interval:  20  min).  A  positive 
response  was  a  complete  extension  of  the 
proboscis  that  was  observed  during  odor 
presentation  and  before  reward  presentation.  The 
test  began  45  min  after  injection,  an  interval  which 
eliminates  obvious  injection  effects  (Robinson  et 
al.  1999).  Bottom.  Mean  (±  SD)  number  of  bees 
showing  positive  responses  at  each  odor  exposure. 
Grand  means  are  based  on  data  from  four  trials, 
with  bees  from  2  different,  unrelated,  colonies,  37- 
94  bees/group/trial;  216  metrifonate-injected  (1  ill. 
2  mg/ml  in  saline;  filled  squares)  and  233  saline- 
injected  (open  circles)  bees  total.  Statistical 


analyses  (see  text)  were  conducted  on  the  total  number  of  correct  responses/bee. 


Brain  acetylcholinesterase  is  biochemically  similar  in  nurses  and  foragers.  Honey 
bee  development  is  marked  by  a  transition  from  working  in  the  hive  to  the  more  complex 
tasks  of  foraging  outside.  To  examine  whether  this  transition  is  associated  with  a  change 
in  AChE  that  would  facilitate  cholinergic  neurotransmission,  we  began  our  comparative 
analysis  of  AChE  in  nurses  and  foragers  with  biochemical  analyses  of  brain 
homogenates.  Acetylthiocholine  (ATCh)  hydrolysis,  reflecting  AChE  activity,  was  20- 
fold  higher  than  butyrylthiocholine  (BTCh)  hydrolysis,  reflecting  activity  of  the  closely 
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related  enzyme  butyrylcholinesterase  (BuChE)  (data  not  shown).  ATCh  hydrolysis  was 
almost  completely  abolished  by  the  AChE-specific  inhibitor  BW284C51,  whereas  BTCh 
hydrolysis  was  only  slightly  inhibited  by  the  classical  BuChE  inhibitor  iso-OMPA  (Fig. 
2A).  This  demonstrates  that  AChE  accounts  for  about  95%  of  the  total  cholinesterase 
activity  in  the  bee  brain  and  suggests  that,  similar  to  the  enzyme  from  Drosophila 
melanogaster  (Gnagey  et  al.,  1987),  it  is  responsible  for  both  ATCh  and  BTCh 
hydrolysis.  There  were  no  differences  in  these  characteristics  between  nurse  and  forager 
bees,  identified  according  to  standard  behavioral  criteria  (Wagener-Hulme  et  al.,  1999). 
The  ages  of  the  nurse  and  forager  bees  were  not  known,  but  since  they  were  from  typical 
colonies  we  assume  that  nurses  were  about  1  -2  weeks  of  age  and  foragers  were  about  3-4 
weeks  of  age. 

There  also  were  no  differences  between  nurses  and  foragers  in  electrophoretic  migration 
and  oligomeric  assembly  for  catalytically  active  brain  AChE.  Bee  AChE  migrated  as  a 
single  band  and  showed  similar  electrophoretic  mobility  to  that  of  recombinant  human 
AChE  (Sigma;  Fig.  2B  and  data  not  shown).  Bee  AChE  also  displayed  a  single  peak  in 
sucrose  gradient  analysis,  with  a  ca.  6S  sedimentation  coefficient  (as  was  previously 
described  (Belzunces  et  al.,  1988),  which  most  likely  corresponds  to  AChE  dimers  (Fig. 
2B). 

Brain  AChE  catalytic  activity  decreases  during  behavioral  development.  Catalytic 
activity  of  AChE  in  brain  extracts  was  20-65%  lower  in  foragers  compared  to  nurses 
(Fig.  2C,  left).  2-way  ANOVA  showed  that  this  decrease  was  significant  (p  <  0.01)  and 
also  varied  significantly  (p  <  0.05)  between  bees  from  different  colonies.  These  results 
were  robust;  they  were  obtained  over  two  different  years,  from  five  unrelated  typical 
colonies  maintained  under  field  conditions. 


Fig.  2.  Biochemical  analyses  of  AChE  from  the 
brains  of  nurse  and  forager  bees.  A.  Substrate 
and  inhibitor  specificities.  Mean  (±SE)  specific 
cholinesterase  activity  in  brain  homogenates  from 
nurse  bees.  Homogenates  were  treated  with  either 
the  AChE-specific  inhibitor  BW284C51  (BW)  or 
the  BuChE  inhibitor  iso-OMPA  (IO).  Rates  of 
acetylthiocholine  (ATCh)  or  butyrylthiocholine 
(BTCh)  hydrolysis  were  measured 
colorimetrically  (Loewenstein  Lichtenstein  et  al., 
1995)  (2-3  measurements  of  one  sample,  5 
brains/sample)  and  data  normalized  to  rates 
without  inhibitor.  The  hydrolysis  rate  of  ATCh 
was  20-fold  higher  than  BTCh  (data  not  shown). 
B.  Similar  sedimentation  and  electromobilitv 
profiles  for  nurse  and  forager  AChE.  Extracts 
representing  10  brains  each  were  subjected  to 
sucrose  density  centrifugation  followed  by  an 
ATCh  hydrolysis  assay  (Seidman  et  al.,  1994). 
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AChE  activity  was  mostly  localized  to  a  peak  of  6S  in  both  groups,  consistent  with 
dimeric  enzyme  composition.  Arrow  marks  the  position  of  bovine  liver  catalase.  Inset. 
AChE  from  nurses  and  foragers  migrates  similarly  in  activity  gels.  AChE  activity 
staining  following  gel  electrophoresis  (Seidman  et  al.,  1995)  reveals  a  single  band  with 
similar  electromobility  in  brain  homogenates  prepared  from  foragers  or  nurses  (each 
sample  is  a  5-|il  aliquot  of  brain  homogenate  representing  10  brains).  C.  Differences  in 
brain  AChE  activity  levels  in  foragers  and  nurses.  Left.  Mean  (±  SD)  AChE  brain  activity 
levels  (nmol  ATCh  hydrolyzed/min/mg  total  protein)  in  forager  bees  from  typical 
colonies,  normalized  to  the  mean  level  for  nurse  bees  from  the  same  colony  (number  of 
bees  for  each  colony  in  bars).  Columns  without  SDs  represent  colonies  where  all  brains 
were  pooled  into  one  homogenate;  dotted  bar  represents  the  grand  mean  across  all  5 
colonies.  2-way  ANOVA  (randomized  complete  block  on  log-transformed  data;  SAS, 
Cary,  NC)  revealed  significant  variation  between  colonies  (P  <  0.05)  and  between  nurses 
and  foragers  (P  <  0.01).  Absolute  rates  of  ATCh  hydrolysis  varied  greatly  from  colony  to 
colony  (median:  ca.  100  nmol  ATCh  hydrolyzed/min/mg  total  protein).  Right.  Similar 
results  for  bees  from  4  single-cohort  colonies.  There  were  no  overall  significant 
differences  between  nurses  and  precocious  foragers. 

According  to  the  basic  structure  of  division  of  labor  in  bee  colonies,  hive  work  always 
precedes  foraging;  foragers  are  thus  both  older  and  more  behaviorally  advanced  than 
nurses.  This  means  that  the  changes  in  AChE  may:  1)  anticipate  or  coincide  with  the 
transition  from  hive  work  to  foraging;  2)  relate  to  the  acquisition  of  new  tasks  once 
foraging  has  already  begun;  and/or  3)  relate  to  chronological  aging  that  is  independent  of 
behavioral  status.  To  explore  which  of  these  processes  are  more  likely  to  be  associated 
with  the  observed  changes  in  AChE,  we  used  “precocious  foragers”,  bees  that  were 
induced  to  develop  earlier  due  to  the  absence  of  older  individuals  (Robinson  and  Page, 
1989).  Brain  AChE  catalytic  activity  was  measured  in  nurses  and  precocious  foragers  that 
were  all  7-10  days  of  age  and  were  collected  from  4  “single-cohort  colonies”,  established 
with  all  young  bees.  ANOVA  revealed  that  there  were  no  significant  (p  >  0.7)  differences 
between  nurses  and  precocious  foragers  overall  (Fig.  2C,  right).  It  thus  appears  that 
differences  between  nurses  and  foragers  in  AChE  activity  do  not  occur  prior  to  or  even 
immediately  following  the  transition  to  foraging,  leaving  both  chronological  aging  and 
experience-dependent  changes  as  possible  causal  factors.  We  speculate  that  AChE 
activity  in  the  bee  brain  is  influenced,  at  least  in  part,  by  foraging  experience.  Foragers 
from  typical  colonies  presumably  had  as  much  as  one  or  two  weeks  of  foraging 
experience  before  they  were  collected  and  they  showed  a  robust  decrease  in  AChE 
activity.  In  contrast,  precocious  foragers  had  only  one  or  two  days  of  foraging  experience 
before  collection,  and  perhaps  this  is  not  enough  to  consistently  influence  AChE.  This 
speculation  agrees  with  the  observation  that  results  for  single-cohort  colonies  were  more 
variable  than  for  typical  colonies,  with  precocious  foragers  from  a  few  colonies  showing 
decreases  comparable  to  those  seen  in  foragers  from  typical  colonies. 

Bee  Ache  cloned.  To  test  whether  the  changes  in  AChE  activity  associated  with  division 
of  labor  are  caused  by  transcriptional  regulation,  we  cloned  the  cDNA  sequence  encoding 
the  Apis  mellifera  (Am)  AChE  in  order  to  measure  brain  mRNA  levels.  RT-PCR,  with 
partially-degenerate  primers  designed  according  to  conserved  regions  of  the  AChE 
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protein,  yielded  two  main  products,  187  and  245  bp  long.  The  predicted  protein  encoded 
by  the  shorter  product  (accession  no.  AF213011)  displayed  40%  and  35%  identity  to 
alpha-esterases  of  the  blowfly,  Lucilia  cuprina,  and  D.  melanogaster,  respectively 
(accession  no.  aaa91812  and  aaB01149),  enzymes  related  to  AChE  which  are  important 
for  resistance  to  organophosphates  (Newcomb  et  al.,  1996).  The  protein  sequence 
encoded  by  the  longer  product  showed  high  sequence  identity  with  AChEs  from  various 
organisms.  We  obtained  a  1715  bp  cDNA  sequence  using  the  sequence  of  the  longer 
product  by  rapid  amplification  of  cDNA  edges  (573’  RACE  kit;  Boehringer  Mannheim) 
and  PCR  amplification  from  a  bee  brain  cDNA  library  as  template.  The  492  AA 
translation-product  showed  67.1%,  61%  and  39.9%  identity  to  AChE  from  the  beetle 
Leptinotarsa  decemlineata,  D.  melanogaster  and  H.  sapiens,  respectively  (Fig.  3).  This 
comparison  confirmed  the  identity  of  this  cDNA  as  part  of  the  Ache  gene  of  the  honey 
bee,  Apis  mellifera  ( AmAche ). 


Fig.  3.  AChE  Sequence  comparison.  Multiple 
sequence  alignment  of  the  translated  AmAChE 
partial  gene-product  with  two  insect  and  two 
vertebrate  AChE  proteins.  Alignment  was 
generated  with  the  PileUp  (University  of 
Wisconsin  GCG  software  package)  and 
Boxshade  programs.  Black  and  grey  shadings 
represent  residues  identical  or  similar, 
respectively,  to  a  consensus  sequence  calculated 
from  these  sequences  (not  shown).  Am,  Apis 
mellifera  (current  report,  GeneBank  accession 
no.  AF213012);  Ld,  Leptinotarsa  decemlineata 
(Swissprot  accession  number  Q27677);  Dm, 
Drosophila  melanogaster  (P07140);  Tm,  the 
electric  eel,  Torpedo  marmorata  (P07692);  Hs, 
Homo  sapiens  (P22303).  Asterisks  denote  the 
catalytic  triad  residues. 


AChE  brain  mRNA  levels  decrease  during  behavioral  development,  especially  in  the 
mushroom  bodies.  High-resolution  in  situ  hybridization  (ISH)  showed  AChE  mRNA 
localization  in  several  brain  regions  known  to  be  involved  with  processing  of  olfactory 
and  visual  information,  such  as  the  mushroom  bodies,  the  medulla  and  lamina  of  the  optic 
lobes,  and  the  area  surrounding  the  antennal  lobes  (Fig  4A).  These  results  agree  with 
histochemical  and  immunocytochemical  analyses  of  other  components  of  the  cholinergic 
system  (Kreissl  and  Bicker,  1989).  ISH  showed  especially  strong  expression  in  the 
somata  of  the  Kenyon  cells,  the  intrinsic  cells  of  the  mushroom  bodies  whose  projections 
lie  in  the  surrounding  neuropil,  the  calyces  (Fig  4A).  These  cells  receive  and  integrate 
olfactory  and  visual  inputs  from  the  antennal  and  optic  lobes  and  are  also  involved  in 
learning  and  memory  (de  Belle  and  Heisenberg,  1994;  Hammer  and  Menzel,  1995; 
Meller  and  Davis,  1996;  Mobbs,  1985).  High  levels  of  expression  in  the  mushroom 
bodies  may  reflect  the  fact  that  the  calyx  has  an  extremely  high  cell  density  (Ito  et  al., 
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1998).  However,  quantitative  analysis  of  confocal  microscopy  images  revealed  a 
significantly  lower  density  of  mRNA  labeling  in  the  Kenyon  cells  of  foragers  relative  to 
nurses  (Fig.  4B  left);  such  a  comparison  of  the  same  brain  region  between  different 
behavioral  groups  is  not  subject  to  the  cell  density  issue.  These  results  indicate  that  the 
decreased  catalytic  activity  of  AChE  in  forager  bee  brains  is  associated  with  a  decrease  in 
AChE  mRNA  levels,  especially  in  the  mushroom  bodies.  Differences  were  especially 
striking  in  the  centrally  located  cells  (Fig.  4A,  insets).  Support  for  this  observation  comes 
from  an  analysis  of  the  distribution  of  signal  densities  for  all  calyces  analyzed  (Fig.  3B 
right).  Though  the  distributions  for  nurses  and  foragers  overlap  broadly,  they  do  differ 
significantly  (p  <  0.001,  G-test),  with  an  apparent  second  peak  in  the  low  values  of  signal 
density  for  calyces  from  foragers.  Given  that  sections  (n  =  21  per  behavioral  group)  were 
taken  randomly  with  respect  to  position  in  the  calyx,  these  results  suggest  that  spatial 
patterns  of  AChE  expression  within  the  calyces  of  the  mushroom  bodies  differ  between 
nurses  and  foragers. 

Fig.  4.  AChE  brain  mRNA  levels  are  lower  in 
foragers  than  nurses,  especially  in  the  mushroom 
bodies.  A.  AChE  mRNA  labeling  in  the  bee  brain.  A 
representative  coronal  section  through  the  brain  of  a 
worker  honey  bee  labeled  for  AmAChE  mRNA, 
according  to  a  protocol  described  in  Grifman,  1998 
#307]  and  modified  so  as  to  block  the  relatively  high 
endogenous  biotin  levels  found  in  the  insect  brain 
(Ziegler  et  al.,  1995)  Detection  of  transcripts  was 
achieved  using  the  ELF  fluorogenic  alkaline 
phosphatase  (AP)  substrate  (Molecular  Probes  Inc., 
Eugene  OR)  and  a  fluorescent  Zeiss  Axioplan 
microscope  (main  image).  White  rectangle  delineates 
the  position  of  a  calyx  region  of  a  mushroom  body 
shown,  magnified,  in  the  top  right  images.  Top  right. 
Representative  confocal  microscope  images  (N  = 
nurse,  F  =  forager)  of  calyces  from  similar  brain 
sections  labeled  for  AmAChE  mRNA  using  the  Fast 
Red  AP  substrate  (Boehringer-Mannheim).  Images 
were  captured  with  an  inverted  Olympus  microscope  equipped  with  an  MRC-1024  Bio- 
Rad  confocal  attachment  (Hemel  Hempsted  Herts.,  UK).  Bottom  left.  Schematic 
depiction  of  the  bee  brain  (after  (Kreissl  and  Bicker,  1989)  me  and  lc,  medial  and  lateral 
calyces  of  the  mushroom  bodies;  k,  Kenyon  cell  bodies  region;  p,  pons;  oc,  one  of  three 
ocelli;  1,  m  and  lo,  lamela,  medula  and  lobula  of  the  optical  lobe;  al,  antennal  lobe;  dl, 
dorsal  lobe.  B.  AChE  mRNA  levels  are  lower  in  Kenvon  cells  of  foragers  than  nurses. 
Left.  Mean  ±  SD  signal  densities  (arbitrary  units)  of  AChE  mRNA  from  calyces 
(enclosing  a  population  of  Kenyon  cell  bodies)  of  nurses  (N)  and  foragers  (F);  P  < 
0.0001,  t-test.  Quantification  of  confocal  images  as  in  Grisaru  et  al.,  2001.  No  significant 
differences  in  signal  densities  between  medial  and  lateral  calyces  were  detected  (results 
not  shown).  Right.  Frequency  distribution  of  signal  densities  for  all  analyzed  calyces. 
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Analysis  based  on  77  calyx  sections  for  nurses  and  74  for  foragers  (2-4  calyces/section,  3 
sections/brain,  7  brains/behavioral  group). 

We  have  demonstrated  differences  in  AChE  mRNA  expression  in  the  mushroom  bodies 
of  nurses  and  foragers.  This  brain  structure  also  shows  structural  changes  during 
behavioral  development  that  involve  an  increase  in  neuropil  volume  (Withers  et  al.,  1993) 
and  dendritic  arborization  (Farris  et  al.,  1999).  Our  results  further  highlight  this  brain 
region  as  a  site  for  behaviorally  related  plasticity  and  suggest  cholinergic 
neurotransmission  as  a  modulator  of  such  processes.  In  addition,  the  non-catalytic 
activities  of  AChE  (Grisaru  et  al.,  1999)  may  contribute  to  the  structural  changes  in  this 
region,  at  least  early  in  adulthood  when  levels  are  high. 

Changes  in  neural  function  that  underlie  long-term  changes  in  memory  are  caused  in  part 
by  transcription-dependent  mechanisms  (Kaufer  et  al.,  1998).  Our  results  indicate  that 
similar  mechanisms  may  be  involved  in  the  long-term  changes  in  neural  function  that  are 
associated  with  behavioral  development  in  honey  bees.  There  is  only  limited  evidence  for 
changes  in  gene  expression  in  the  brain  that  are  associated  with  changes  in  behavior  of 
animals  in  their  natural  environment  (Mello  et  al.,  1995;  Robinson,  1999).  However,  this 
is  probably  due  to  the  little  attention  this  topic  has  received.  In  honey  bees,  there  are  only 
two  other  known  cases  of  developmental  regulation  of  brain  gene  expression.  There  are 
age-related  increases  in  royal  jelly  protein-3  mRNA  in  the  brain,  the  function  of  which  is 
still  unknown  (Kucharski  et  al.,  1998)  There  also  are  similar  increases  in  brain  mRNA 
levels  of  period,  a  gene  well  known  for  its  role  in  circadian  rhythms  (Toma  et  al.,  2000). 
These  results,  coupled  with  our  findings,  suggest  that  transcription-dependent 
mechanisms  may  play  diverse  roles  in  naturally  occurring  behavioral  plasticity. 
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Complex  host  cell  responses  to  antisense  suppression  of  ACHE  gene  expression  (task  5) 

Antisense  oligodeoxynucleotides  (AS-ODNs)  are  powerful  tools  for  sequence-dependent 
suppression  of  target  genes  (Agrawal  and  Kandimalla,  2000;  Crooke,  2000).  AS-ODNs  are 
presumed  to  act  by  facilitating  the  action  of  ribonuclease  on  mRNA-ODN  hybrids  (Ma  et  al., 
2000;  Wu  et  ah,  1999).  To  exert  their  effects,  AS-ODNs  must  enter  the  cell,  interact  with  their 
target  mRNAs  long  enough  for  the  nuclease  to  act,  and  then  attach  to  another  mRNA.  Much 
effort  has  been  devoted  to  understanding  the  cellular  uptake  and  mechanism  of  action  of  AS- 
ODNs  (Beltinger  et  ah,  1995).  In  contrast,  less  is  known  about  host  cell  responses  to  this 
process.  For  example,  it  is  not  known  whether  AS-ODN-treated  cells  compensate  for  lost 
mRNA.  This  issue  is  important,  since  feedback  upregulation  of  a  targeted  gene  may  mask 
antisense  effects  and  encourage  the  use  of  excessively  high  concentrations  of  ODN. 

Another  important  issue  to  address  relates  to  the  effects  of  foreign  DNA  and  AS-ODN 
degradation  products  such  as  free  nucleotides  on  cellular  physiology.  Nucleotides  and  their 
analogs  modulate  cell  volume  through  several  independent  mechanisms  (Galietta  et  ah,  1992). 
Under  physiological  steady-state  conditions,  cell  volume  is  held  constant  by  a  “pump-leak- 
mechanism”.  The  osmotic  pressure  arising  from  impermeable  cytoplasmic  solutes  is  balanced 
by  the  Na+/K+  pump,  accompanied  by  the  constant  expenditure  of  metabolic  energy 
(Hoffmann,  EK  1992).  Micromolar  or  lower  adenosine  concentrations  such  as  those  expected 
to  accumulate  by  degradation  of  ODN  were  shown  to  activate  the  Al  adenosine  receptor  and 
a  Cl’  channel  in  the  apical  membrane  of  RCCT-28A  endothelial  cells  (Light  et  ah,  1990; 
Schwiebert  et  ah,  1992).  Extracellular  ATP,  UTP  and  related  compounds  similarly  stimulate 
CF  secretion  and  affect  cell  volume  in  the  nasal  epithelium  of  both  normal  and  cystic  fibrosis 
patients  (Knowles  et  ah,  1991).  Once  they  enter  the  cell,  nucleotides  affect  the 
nucleocytoplasmic  shuttle  of  proteins  and  RNA  (Gerace,  1995),  while  non-hydrolyzable  GTP 
analogues  inhibit  this  shuttle  (Melchior  et  ah,  1993).  Changes  in  nuclear  protein  import  may 
affect  several  levels  of  cellular  metabolism  (Gorlich,  1998),  but  were  not  yet  examined  under 
AS-ODN  treatment.  These  observations  predict  sequence  non-specific  cellular  responses  to 
AS-ODN  treatments.  Therefore,  both  the  balance  of  ion  homeostasis  and  nuclear-cytoplasmic 
interactions  must  be  considered  in  AS-ODN  studies. 

Acetylcholinesterase  (AChE)  is  an  appropriate  model  to  investigte  host  cell  responses  to  AS- 
ODNs.  The  single  ACHE  gene  produces  three  3’-altematively  spliced  mRNA  transcripts, 
AChE-S,  AChE-E,  and  AChE-R  (Grisaru  et  ah,  1999).  AChE  is  ubiquitously  expressed  at 
variable  levels  in  diverse  tissues  and  cell  types  and  undergoes  transcript-specific, 
differentiation-dependent  stabilization  (Chan  et  ah,  1998).  We  previously  demonstrated  that 
AChE  mRNA  and  protein  are  overexpressed  in  rodent  brain  and  muscle  following  acute 
pharmacological  blockade  of  catalytic  activity  (Friedman  et  ah,  1996;  Kaufer  et  ah,  1998; 
Lev-Lehman  et  ah,  2000).  However,  it  was  not  known  whether  antisense  blockade  of  AChE 
synthesis  would  elicit  similar  feedback  responses.  In  addition,  it  was  shown  that  plasmid- 
encoded  AS-cRNA  suppressing  ACHE  gene  expression  alters  the  growth  properties  of  mouse 
neuroblastoma  cells  (Koenigsberger  et  ah,  1997)  and  rat  neuroendocrine  PC12  cells  (Grifman 
et  ah,  1998).  These  studies  suggested  complex  cellular  responses  to  antisense-mediated  AChE 
deficiencies.  Two  AS-ODNs  targeted  to  AChE  mRNA,  AS1  and  AS3,  suppressed  AChE 
expression  in  PC  12  cells  (Grifman  and  Soreq,  1997),  human  osteosarcoma  Saos-2  cells 
(Grisaru  et  ah,  1999),  and  hematopoietic  CD34+  cells  from  umbilical  cord  blood  (Grisaru  et 
ah,  2000)  with  corresponding  physiological  effects.  Here,  we  studied  cellular  responses  of 
PC  12  cells  to  AChE  AS-ODN  mediated  suppression  of  AChE  activity. 
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Materials  and  methods 

PC12  rat  pheochromocytoma  cells.  PC12  cells  were  grown  in  a  folly  humidified  atmosphere 
at  37°C  and  5%  C02  in  Dulbecco  modified  Eagle  medium  (DMEM)  containing  8%  each  fetal 
calf  and  horse  serum  (Tissue  culture  reagents  from  Biological  Industries,  Beth  Haemek, 
Israel).  To  induce  differentiation,  50  ng/ml  nerve  growth  factor  (NGF;  Alomone,  Jerusalem) 
was  added  to  the  medium  with  1%  FCS  and  1%  HS  .  Tissue  culture  plates  or  cover  slips  were 
coated  with  10  pg/ml  collagen  (type  IV,  Sigma,  St.  Louis,  MO). 

AS-ODNs.  AS-ODNs  targeted  to  exon  2  of  mouse  AChE  mRNAs  (AS1,  AS3)  have  been 
described  previously  (Grifman  et  al.,  1997).  Oligonucleotides  targeted  to 
butyrylcholinesterase  mRNA  (ASB)  served  for  control  (Ehrlich  et  al.,  1994). 

AS1 :  5  ’-GGGAG  AGGAGGAGG  AAGAGG-3  ’ 

AS3:  5  ’  -CTGC  A  AT  ATTTT  CTT  GC  ACC-3  ’ 

ASB  5’-GACTTTGCTATGCAT-3’ 

All  ODNs  were  end-capped  with  either  2’-0-methyl  RNA  substitutions  (Me),  or 
phosphorothioate  (PS)  modification  at  their  three  3’  terminal  positions.  As  lipofectamine  was 
previously  shown  to  be  cytotoxic  in  differentiating  PC  12  cells  (Grifman  and  Soreq,  1997), 
AS-ODN  was  added  directly  to  the  culture  medium  without  carrier. 

In  situ  hybridization  was  performed  with  a  fully  2’-0-methylated  50-mer  AChE  cRNA 
probe  complementary  to  alternative  exon  E6  in  the  ACHE  gene  (Kaufer  et  al.,  1998).  As 
PC  12  cells  contain  endogenous  biotin,  5’-DIG-labeled  probes  were  employed.  Detection  was 
with  alkaline  phosphatase  and  Fast  Red®  substrate  (Molecular  Probes).  Hybridization  was  as 
detailed  elsewhere  (Grisaru  et  al.,  1999).  RT-PCR  was  performed  essentially  as  described 
(Grifman  et  al.,  1997). 

Confocal  microscopy  was  carried  out  using  a  Bio-Rad  MRC-1024  confocal  scanhead  (Hemel 
Hempsted  Herts.,  UK)  coupled  to  an  inverted  Zeiss  Axiovert  135  microscope  equipped  with  a 
plan  apochromat  63X/1.4  oil  immersion  objective.  Fast-red  was  excited  at  488nm,  and 
emission  was  measured  through  a  580df32  bandpass  interference  filter  (580nm  ±  16  nm).  The 
confocal  iris  was  set  to  3mm.  Sections  were  scanned  every  0.44  um,  corrected  for  immersion 
oil/mounting  media  index  of  refraction  mismatch.  The  sections  were  processed  in  the 
following  way.  First,  a  maximum  value  projection  was  created  from  a  set  of  sections. 
Intensity  based  thresholding  was  used  to  both  isolate  the  cell  from  the  background,  and  to 
identify  fast-red  precipitates.  The  threshold  was  at  first  selected  manually,  and  later  using  the 
automatic  object  identification  capability  of  Image  Pro  Plus  (version  4.0,  Media  Cybernetics, 
Silver  Spring,  MD).  Fast  red  precipitates  were  considered  to  be  those  objects  which  contained 
five  or  more  pixels  and  exceeded  the  selected  intensity  threshold.  This  threshold  was  selected 
such  that  control  cells  always  showed  identical  levels  of  labeling,  in  order  to  correct  for  the 
variables  in  preparation  (e.g.  alkaline  phosphatase  reaction  time,  probe  efficiency,  etc).  The 
total  area  covered  by  the  fast-red  precipitates  was  then  measured.  The  data  were  not 
normalized  to  cell  volume,  because  the  spread  in  cell  volumes  was  very  small. 

Nuclear  and  cytoplasmic  volume  calculations  were  based  on  average  values  of  nuclear  and 
cell  diameter  as  measured  in  the  imaged  sections.  The  measured  cells  and  their  nuclei  were 
assumed  to  be  spherical  and  cytoplasmic  volume  was  taken  to  be  cell  minus  nuclear  volume. 

Results 

Peak  inhibition  of  AChE  activity  at  very  low  concentrations  of  AS-ODN. 

We  previously  studied  AS-ODNs  targeted  to  various  regions  of  AChE  mRNA  using  end- 
capped  20-mer  oligonucleotides  in  which  phosphorothioate  (PS)  -  modified  bases  were 
incorporated  into  the  three  3 ’-terminal  positions  (Grifman  and  Soreq,  1997).  Two  AS-ODNs, 
AS1  and  AS3,  targeted  to  the  common  exon  2  shared  by  all  AChE  mRNA  splice  variants 
reduced  AChE  activity  in  differentiating  PC12  cells  by  up  to  30%.  To  improve  uptake  and 
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stability  while  reducing  toxicity,  we  prepared  3’ -end-capped,  2’-0-methyl  (Me)-modified 
versions  of  AS1  and  AS3  and  compared  their  potency  to  their  PS-modified  counterparts.  Both 
PS-  and  Me-  capped  AS1  suppressed  AChE  catalytic  activity  in  nerve-growth  factor  (NGF)- 
stimulated  PC  12  cells  to  about  50%  of  controls  in  a  dose  and  sequence-dependent  manner 
within  48  hrs.  ASl-Me  displayed  significant  effects  at  an  extracellular  concentration  of  0.05 
nM,  and  maximum  suppression  of  AChE  activity  was  observed  at  2  nM  AS-ODN  (Fig.  1A). 
In  contrast,  2nM  AS1-PS  was  required  to  exert  prominent  suppression  of  AChE  activity  in 
PCI 2  cells.  Sequence-specificity  was  shown  by  the  insignificant  effects  exerted  by  either  PS 
or  Me-protected  AS-ODN  targeting  butyrylcholinesterase  (BChE)  (Fig.  1,  inset).  Curiously, 
increasing  the  concentrations  of  AS1  above  2  nM  reduced  AS-ODN  efficacy  to  the  extent  that 
PC  12  cells  exposed  to  1  (iM  AS1,  -PS  or  -Me,  displayed  only  minor  loss  of  AChE  activity. 

Fig.  1.  2’-0-Methyl  AS-AChE 
displays  a  wide  effective  window  at 
0  extremely  low  concentrations. 

o  _.  Varying  concentrations  of 
nil  phosphorothioate  (PS)  and  2’-0- 
§  ^  methyl  (Me)  AS  1  or  ASB  were  added 
60  3  to  PC  12  cells  once  daily  for  2  days 
following  24  hr  exposure  to  NGF  and 
20  cells  were  analyzed  for  AChE 

catalytic  activity  or  mRNA  encoding 
ODN  concentration,  nM  AChE-S.  A:  AChE  catalytic  activity 

was  measured  using  a  colorimetric  assay  and  acetylthiocholine  as  substrate.  Results  are 
expressed  as  percent  of  activity  in  control  cells  ±  standard  error  of  the  mean  (SEM)  for  5-9 
triplicate  measurements  for  each  point.  Note  that  2’-0-methyl  modified  AS1  elicited 
significant  suppression  of  AChE  at  the  extremely  low  concentration  of  0.02  nanomolar,  while 
phosphorothioate  modification  of  the  same  three  bases  yielded  an  AS-ODN  that  exhibited 
effective  suppression  of  AChE  activity  only  at  concentrations  above  2  nM.  Both 
oligonucloeotides  displayed  decreasing  efficacy  at  ODN  concentrations  above  2  nM.  The 
non-relevant  control  AS-ODN  ASB  had  minimal  effects  on  AChE  activity  at  concentrations 
up  to  100  nM  in  both  the  Me  and  PS  modified  forms  (inset).  B;  In  situ  hybridization  with  an 
exon  6-specific  AChE  cRNA  probe  was  employed  to  detect  AChE-S  mRNA  in  AS3-treated 
cells.  Quantification  of  AChE-S  mRNA  levels  was  by  confocal  microscopy  and  computer- 
assisted  image  analysis  (Methods).  Shown  are  average  ±  SEM  of  AChE-S  mRNA  levels  as  a 
percentage  of  that  observed  in  untreated  cells.  Note  that  AS3  induced  a  dose-dependent 
decrease  in  AChE-S  mRNA  levels  that  was  reversed  at  about  2  nM  AS-ODN.  ASB  had  no 
detectable  effect  on  AChE-S  mRNA  levels  in  these  cells.  Inset  depicts  cells  from  the  same 
experiment  following  cytohistochemical  staining  for  catalytically  active  AChE.  From  left  to 
right  are  representative  cells  from  cultures  treated  with  0.2,  2,  and  1000  micromolar  AS3, 
respectively. 

To  confirm  the  observation  that  increasing  concentrations  of  oligonucleotide  neutralize  the 
potency  of  AS-ODN  targeted  to  AChE  mRNA,  we  used  in  situ  hybridization  (ISH)  to  label 
AChE-S  mRNA  in  cells  treated  with  AS3-Me  for  48  hours.  Generally,  AChE-S  mRNA 
appeared  concentrated  in  one  or  two  cytoplasmic  areas  close  to  the  nuclear  margin,  possibly 
in  the  Golgi  apparatus  where  AChE  would  be  translated,  folded  and  rendered  catalytically 
active.  To  quantify  ISH  signals  detecting  cytoplasmic  AChE  mRNA,  we  applied  confocal 
microscopy  and  computerized  image-analysis.  This  analysis  revealed  a  “U-shaped”  dose- 
response  curve  for  AS3  that  closely  paralleled  the  curve  obtained  with  AS1  using  AChE 


60 


catalytic  activity  as  the  measure  of  antisense  potency  (compare  Fig  IB  to  1A).  Dose- 
dependent  increases  and  decreases  in  AChE-R  mRNA  levels  were  matched  by  corresponding 
changes  in  cell-associated  AChE  activity  as  determined  by  cytohistochemical  staining  (Fig. 
IB,  inset).  Nevertheless,  AChE  mRNA  appeared  more  sensitive  than  AChE  protein  to  the 
higher  AS-ODN  concentration.  We  observed  similar  dose-dependent  effects  on  RNA  and 
protein  in  human  Saos-2  cells  with  AS1  (Grisaru  et  al.,  1999  and  data  not  shown).  In  contrast, 
ASB-Me  did  not  elicit  significant  changes  in  ISH  signals.  These  findings  demonstrated 
effective  suppression  of  AChE  expression  by  two  independent  AS-ODNs  targeted  to  AChE 
mRNA,  demonstrated  the  enhanced  potency  and  wide  effective  window  conferred  by  2’-0- 
Me  modification  of  AChE  AS-ODNs,  and  raised  the  question  of  why  increasing 
concentrations  of  AS-ODN  fail  to  elicit  reliable  suppression  of  AChE  activity  in  these  cells. 

AS-ODN  treatment  stimulates  nuclear  accumulation  of  AChE  mRNA 

Control  PC  12  cell  never  displayed  intranuclear  staining  following  ISH.  However,  at  low 
concentrations  of  AS3-Me  (0.2-2.  nM),  cells  often  displayed  one  or  two  small  intra-nuclear 
foci  of  ISH  signal  (Fig.  2A,B).  At  higher  concentrations  of  100-1000  nM  AS3-Me,  intense 
nuclear  staining  of  AChE-S  mRNA  was  commonly  observed  in  up  to  2  highly-defined  focal 
points.  Similar  nuclear  labeling  was  also  noted  in  AS-ODN-treated,  multinucleated  Saos-2 
cells  where  multiple  nuclear  sites  of  labeling  were  observed  (Grisaru  et  al.,  1999  and  data  not 
shown).  These  observations  suggested  a  direct  association  between  focal  nuclear  staining  and 
the  number  of  transcription  sites,  and  hinted  at  de  novo  accumulation  of  hn-AChE  mRNA  in 
AS-ODN  treated  cells.  To  further  examine  AChE  mRNA  levels  in  antisense-treated  PC  12 
cells,  we  performed  reverse  transcription  and  polymerase  chain  reaction  (RT-PCR)  on  RNA 
extracted  from  cultures  treated  with  AS3  for  48  hrs  following  NGF-stimulated  differentiation. 
RT-PCR  revealed  both  a  short  mRNA  representing  mature  3 ’-spliced  AChE-S  mRNA,  and  a 
longer,  unspliced  transcript  presumably  representing  heteronuclear  (hn)  AChE  in 
differentiating  PC12  cells  (Fig.  2B,  inset).  Both  the  long  and  the  short  transcript  were  noted  to 
be  about  2-fold  higher  in  cells  treated  with  100  nM  as  compared  to  10  nM  AS3.  The  nuclear 
accumulation  of  AChE  mRNA  under  AS-ODN  treatment  suggests  that  the  reduced  potency  of 
>2  nM  AChE  AS-ODN  in  PC  12  cells  reflects  feedback  upregulation  of  the  ACHE  gene  in 
response  to  highly  effective  primary  antisense  effects,  and/or  to  the  presence  of  excess  AS- 
ODN  or  their  degradation  products.  Moreover,  it  advances  the  notion  that  antisense,  like 
pharmacological,  inhibition  of  AChE  below  a  certain  threshhold  initiates  feedback 
upregulation  of  AChE  expression  in  multiple  cell  types.  Together,  these  data  point  to  the  need 
to  strike  a  balance  in  antisense  studies  between  antisense  effects  and  dose-dependent 
compensatory  host  cell  responses. 


Fig.  2.  Focal  nuclear  accumulation  of  AChE  mRNA  in  AS- 
ODN  treated  PC  12  cells.  Upper  panels:  Presented  are 
pseudocolored  compound  confocal  images  of  representative 
PC12  cells  following  incubation  with  2’-0-methyl  RNA- 
protected  AS3  and  in  situ  hybridization  with  a  probe  detecting 
AChE-S  mRNA.  Color  coding  (upper  right  comer)  correlates 
with  intensity  of  fast  red  staining  and  therefore  AChE-S  mRNA 
levels.  Note  that  increasing  concentrations  of  AS3  were 
associated  with  the  appearance  of  punctate  nuclear  staining  for 
AChE-S  mRNA  (arrows)  and  reduced  antisense  efficacy  as 
presented  in  figure  1.  Lower  Panels:  Graph  depicts  the 
'•?  °  °o  °o0  percentage  of  total  potential  nuclear  sites  (assuming  2  per  cell) 

AS3-Me  concentration,  nM  labelled  by  in  situ  hybridization  at  the  noted  concentrations  of 
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AS3.  Note  the  prominent  concentration  dependent  increase  in  the  fraction  of  nuclei  labelled 
for  AChE  mRNA  and  the  almost  universal  labeling  of  nuclei  at  1  |iM  AS-ODN.  These  data 
indicate  feedback  transcription  and/or  stabilization  of  nascent  heteronuclear  AChE  mRNA 
under  treatment  with  AS3.  Inset  presents  ethidium  bromide  stained  products  of  RT-PCR 
performed  on  RNA  extracted  from  PC  12  cells  treated  with  the  noted  concentrations  of  AS3. 
Note  that  in  addition  to  product  representing  mature,  spliced  AChE-S  mRNA,  a  band  of  high 
molecular  weight  product  presumed  to  represent  unspliced  hn-AChE  mRNA  is  present;  Both 
bands  are  intensified  above  10  nM  AS3,  corresponding  to  the  appearance  of  focal  nuclear 
staining  observed  by  in  situ  hybridization. 


Cellular  uptake  of  AS-ODN 

The  role  of  AS-ODN  uptake  in  host  cell  feedback  responses  was  evaluated  using  5’- 
digoxigenin  (DIG)-tagged  AS3-Me  and  the  image  analysis  strategy  of  ISH.  To  estimate  the 
sensitivity  of  the  confocal  approach,  we  mixed  a  1  nM  solution  of  DIG-tagged  AS-ODN  into 
a  PCI  2  cell  extract,  dried  a  50  jllI  drop  onto  a  microscope  slide,  and  performed  image  analysis 
(N.  Galyam,  M.Sc.  thesis,  Hebrew  University  of  Jerusalem,  1999  and  data  not  shown).  In  AS- 
ODN  treated  PC  12  cells,  this  quantification  procedure  revealed  concentration-dependent 
increases  in  intracellular  oligonucleotide  (Fig.  3A).  However,  increasing  extracellular 
concentrations  between  20  pM  and  1  |iM  AS3-Me  resulted  in  exceedingly  limited  increases  in 
intracellular  ODN  (approximately  6-fold  for  the  5000-fold  increased  external  concentration), 
both  for  ASl-Me  and  AS3-Me  (Fig.  3 A).  We  calculated  10-100  AS-ODN  molecules  per  10 
pL  cell  volume  under  0.02  nM  treatment  conditions,  close  to  the  external  concentration  of 
oligonucleotide.  Therefore,  20  pM  external  concentration  of  AS3  sufficed  to  introduce  AS3 
into  PC12  cells  at  a  concentration  similar  to  that  of  its  complementary  AChE  mRNA  (see 
Discussion).  From  0.02  nM,  10-fold  increases  in  external  ODN  concentration  resulted  in  non¬ 
proportional  increases  in  intracellular  concentration.  Nevertheless,  these  data  indicate  that  low 
external  concentrations  of  AS-ODN  elicited  dose-dependent  antisense  effects  in  PC  12  cells 
which  are  approximately  proportional  to  internal  AS-ODN  concentration  (compare  to  Fig.  1). 
At  higher  concentrations,  however,  non-specific  cellular  effects  may  be  result  from 
extracellular  effects  of  oligonucleotides  and/or  their  degradation  products. 


Fig.  3.  AS3  uptake  and  its  effect  on  cell  volume. 

A.  Limited  AS3  penetrance  under  increasing 
concentrations.  Differentiated  PC  12  cells  were  incubated 
for  24  hrs  with  biotinylated  AS3,  treated  with  alkaline 
phosphatase-conjugated  streptavidin,  and  subjected  to  Fast 
Red  detection.  Fast  Red  signals  from  20  cells  were 
quantified  as  in  Fig.  1.  Note  that  large  changes  in 
extracellular  ODN  concentrations  result  in  relatively  small 
changes  in  intracellular  ODN  concentration.  Inset  depicts 
a  representative  projection  of  a  single  PC  12  cell  incubated 
with  1  pM  ODN. 

B.  Cytoplasmic  but  not  nuclear  volume  changes  under 
increasing  concentrations  of  AS3:  Total  cellular  and 
nuclear  volumes  of  AS-ODN-treated  PC  12  cells  were 
determined  using  confocal  microscopy  as  described  in 
Methods.  Note  that  cytoplasmic  volume  increased  in  a 
dose-dependent  but  sequence  independent  manner  above 
1 0  nM  extracellular  ODN,  while  nuclear  volume  remained 

constant  over  the  entire  tested  range  of  ODN  concentrations 
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Excess  AS-ODN  mediates  sequence-independent  increases  in  cytoplasmic  volume 

In  search  of  mechanism(s)  controlling  the  increased  AChE  gene  activity  observed  at  AS-ODN 
concentrations  above  2  nM,  we  used  the  confocal  microscope  to  measure  cell  volume.  This 
analysis  revealed  >25%  increases  in  cytoplasmic,  but  not  nuclear,  volume  of  PC  12  cells 
exposed  to  AS-ODN  over  a  range  of  10-500  nM  (Fig.  3B).  The  changes  in  cytoplasmic 
volume  were  sequence  independent,  as  they  were  common  to  cells  treated  with  either 
antisense  or  inverse  AChE  AS-ODNs.  Sustained  nuclear  volume  under  these  conditions 
attested  to  the  fact  that  no  apoptotic  changes  took  place.  Therefore,  increased  cytoplasmic 
volume  in  this  effective  range  of  ODN  concentrations  may  include  a  host  cell  response  to  the 
extra-and/or  intracellular  presence  of  >  2  nM  ODNs  and/or  their  degradation  products. 

Discussion 

Several  key  responses  of  PC  12  cells  to  the  extracellular  presence  of  oligonucleotides  were 
noted  when  using  a  wide  range  of  AS-ODN  concentrations:  1.  Above  50  pM  and  up  to  20  nM 
AS-ODN,  AChE  activity  was  suppressed  by  up  to  50%,  with  2’-0-methyl-capped  ODN 
displaying  improved  activity  compared  to  phosphorothioate-modified  oligos;  2.  Above  50  nM 
AS-ODN,  AChE  activity  was  refractory  to  AS-ODN  treatment  and  sequence-dependent 
increases  in  nuclear  labeling  suggestive  of  transcriptional  activation  of  the  target  gene.  3. 
Above  10  nM  AS-ODN,  cytoplasmic  volume  increased  by  >25%,  reflecting  a  sequence- 
independent  host  cell  response. 

Nanomolar  doses  of  2’-0-methyl  AS-ODNs  suffice  to  destroy  their  target  mRNA 

AChE  mRNA  concentrations  in  differentiating  PC  12  cells  were  estimated  to  be  1-10 
molecules  per  pL,  or  1  to  10  pM,  assuming  approximately  lxl 08  cells/ml  and  10-100 
molecules  of  a  non-abundant  target  mRNA  per  cell.  Assuming  that  each  AS-ODN  chain  can 
inactivate  many  target  molecules,  the  concentrations  of  AS  1  and  AS3  that  were  used  in  the 
present  study  should  be  sufficient  to  destroy  all  of  the  AChEmRNA  molecules  in  treated  cells, 
even  in  neurons,  where  AChE  levels  are  highest  (see  Lev- Lehman  et  al.,  2000;  Li  et  ah,  1991 
for  quantitative  estimates  of  AChE  mRNA  amounts  in  various  cell  types).  Reversal  of  the 
dose  response  curve  at  50%  inhibition  therefore  suggests  that  this  represents  the  limit  of 
blockade  beyond  which  the  AChE  feedback  loop  is  activated.  2’-0-methyl  end-capped  AS- 
ODN  suppressed  AChE  activity  in  PC  12  cells  at  100-fold  lower  concentrations  than  the 
corresponding  phosphorothioated  ODN.  Thus,  2’-0-methyl  protection  reduced  the  quantity  of 
ODN  needed  to  suppress  AChE  expression,  in  addition  to  preventing  the  cytotoxicity 
associated  with  phosphorothioate  protection  (Ehrlich  et  ah,  1994). 

Micromolar  AS-ODN  induces  AChE  mRNA  accumulation 

In  the  micromolar  range,  sequence-dependent  refractoriness  to  AS-ODN  was  observed.  AS- 
ODN  concentration-dependent  decreases  and  increases  in  AChE  mRNA  and  enzyme  activity 
suggest  that  the  inefficacy  of  high  levels  of  oligonucleotide  represents  a  cellular  response 
triggered  by  changes  in  cellular  AChE  concentrations.  Changes  in  ACHE  gene  expression 
under  antisense  inhibition  may  be  expected  to  include  enhanced  transcription,  changes  in 
specific  splicing  patterns,  selective  stabilization  of  certain  mRNA  transcripts  or  all  of  these 
combined.  The  intense  nuclear  labeling  of  AChE  mRNA  suggest  enhanced  transcription 
and/or  nuclear  stabilization  of  nascent  transcripts  under  AS-ODN  concentrations  greater  than 
2nM.  The  cytoplasmic  accumulation  of  AChE  mRNA  could  reflect  selective  stabilization, 
similar  to  that  observed  in  differentiating  nerve  and  muscle  (Luo  et  ah,  1999)  and 
hematopoietic  cells  (Chan  et  ah,  1998).  Diversion  of  default  3’  alternative  splicing  patterns 
may  also  be  involved,  similar  to  the  selective  increases  in  unspliced  AChE-R  mRNA 
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observed  under  stress  or  exposure  to  AChE  inhibitors  (Kaufer  et  al.,  1998).  Disproportionate 
increases  in  AChE-R  would  account  for  the  apparent  discrepancy  between  full  recovery  of 
AChE  activity  above  100  nM  AS-ODN  and  the  only  partial  recovery  of  AChE-S  mRNA  (Fig. 
1). 

ODNs  may  regulate  cellular  volume: 

In  the  picomolar-nanomolar  range,  AS-ODN  induced  the  destruction  of  its  target  AChE 
mRNA.  In  the  presence  of  increasing  extracellular  concentrations  (>10  nM)  of  AS-ODN, 
confocal  microscopy  revealed  sequence-independent  changes  in  cytoplasmic  volume.  Reports 
on  the  cellular  effects  of  low  nucleotide  concentrations  point  to  the  extracellular  increase  in 
nucleotide  breakdown  products  of  AS-ODNs,  in  particular  increases  in  adenosine,  as  a  likely 
cause  for  these  changes  (see  Galietta  et  al.,  1992,  for  example).  Another  important 
consideration  refers  to  the  extent  of  change  in  cytoplasmic  volume.  Because  the  cytoplasm  is 
crowded  with  cytoskeletal  elements,  ribosomes  and  endoplasmatic  reticulum,  a  change  of  25- 
50%  may  imply  a  considerably  larger  change  in  the  volume  of  the  liquid  microenvironment 
where  biochemical  reactions  regulating  cellular  physiology  take  place.  This  would  be 
expected  to  impose  metabolic  disequalibrium  and  could  initiate  cellular  stress  responses.  As 
AChE  is  proving  to  be  a  ubiquitious  stress  response  element,  this  could  contribute  to  the 
feedback  response  initiated  by  reduced  intracellular  AChE  levels.  These  data  therefore 
caution  against  the  use  of  unnecessarily  high  concentrations  of  AS-ODN  and  suggest 
reevaluation  of  our  concepts  of  the  oligonucleotide  concentrations  previously  believed  to  be 
physiologically  relevant.  This  conclusion  is  particularly  relevant  in  light  of  reported  saturation 
of  ODN  uptake  at  concentrations  as  low  as  160  nM  (Nakai  et  al.,  1996). 

In  summary 

Our  findings  indicate  that  2 ’-O-methyl -protected  AChE  AS-ODN  effectively  suppress  AChE 
activity  in  cell  types  of  different  origins  in  the  pM-nM  range.  These  concentrations  are  much 
lower  than  those  reported  previously  for  AChE  targeted  AS-ODN  and  considerably  lower 
than  commonly  used  concentrations  (50  nM-1  (iM)  for  AS-ODN  targeted  to  various  other 
mRNAs.  Notably,  increasing  the  extracellular  AS-ODN  above  these  levels  neither  elevated 
their  intracellular  concentrations  proportionally,  nor  increased  their  ultimate  effectiveness.  In 
the  yet  higher  (iM  range,  the  antisense  strategy  was  relatively  ineffective,  apparently  due  to 
feedback  activation  of  ACHE  gene  activity.  These  findings  may  explain  inconsistencies 
reported  with  numerous  AS-ODNs.  Furthermore,  they  call  for  in  vivo  experiments  using 
similarly  reduced  concentrations  of  AS-ODNs.  Recently,  we  have  successfully  utilized  low 
doses  of  AS3  to  suppress  overexpressed  AChE-R  mRNA  in  brain  of  head-injured  mice 
(Shohami  et  al.,  2000)  and  in  muscles  of  anticholinesterase-treated  mice  (Lev-Lehman  et  al., 
2000)  and  rats  with  experimental  myasthenia  gravis  (T.  Brenner  and  H.  Soreq,  manuscript  in 
preparation).  The  advantages  of  greatly  reduced  AS-ODN  concentrations  are  many,  including 
reduced  side-effects,  and  increased  cost-effectiveness. 
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Synaptogenesis  and  myopathy  under  acetylcholinesterase  overexpression  (task  5) 


Neuromuscular  junctions  (NMJ)  are  highly  specialized,  morphologically  distinct,  and  well- 
characterized  cholinergic  synapses  (Sanes  and  Lichtman,  1999).  Chronic  impairments  in  NMJ 
activity  induce  neuromuscular  disorders  characterized  by  deterioration  of  muscle  structure  and 
function.  Thus,  etiologically  diverse  insults  interfering  with  acetylcholine-mediated 
neurotransmission  cause  a  variety  of  “myasthenic”  syndromes  presenting  muscle  weakness 
and  fatigue  (Lindstrom,  1998;  Donger  et  al.,  1998;  Engelhart  et  al.,  1997;  Schonbeck  et  al., 
1990;  Livneh  et  al.,  1988).  The  molecular  and  cellular  mechanisms  leading  from 
compromised  NMJ  activity  to  muscle  wasting  have  not  been  elucidated.  However,  it  is  likely 
that  physiological  stress  imposed  on  the  nerve  and/or  muscle  under  conditions  of  NMJ 
dysfunction  initiate  changes  in  gene  expression.  Inhibitors  of  the  acetylcholine-hydrolyzing 
enzyme,  AChE,  induce  neuromuscular  pathologies  sharing  features  with  the  myasthenic 
syndromes.  Among  the  delayed  effects  of  anticholinesterase  intoxication  are  degeneration  of 
synaptic  folds,  terminal  nerve  branching,  enlargement  of  motor  endplates,  and  disorganization 
of  muscle  fibers  (Laskowski  et  al.,  1975;  Kawabuchi  et  al.,  1976).  Cholinesterase  inhibitors 
promoting  myopathy  include  organophosphate  poisons  such  as  DFP  and  paraoxon  (the  toxic 
metabolite  of  the  agricultural  insecticide  parathion),  and  carbamate  drugs  like  pyridostigmine 
and  neostigmine,  used  to  treat  myasthenia  gravis  (Evoli  et  al.,  1996).  The  similarities  between 
the  neuromuscular  impairments  resulting  from  anticholinesterase  exposure  and  that  of 
pathophysiological  NMJ  dysfunction  suggest  overlapping  and/or  convergent  pathways 
involving  AChE. 

RNA  transcribed  from  the  mammalian  ACHE  gene  is  subject  to  3’  alternative  splicing 
yielding  mRNAs  encoding  a  “synaptic”  (S)  isoform,  a  “hematopoietic”  (H)  isoform,  and  the 
stress-related  “readthrough”  AChE-R  derived  from  the  3’-unspliced  transcript  (Ben  Aziz- 
Aloya  et  al.,  1993;  Massoulie  et  al.,  1993).  In  addition  to  their  hydrolytic  activities,  the  various 
AChEs  exert  sequence-specific  morphogenic  effects  on  neurite  outgrowth  (Layer  et  al.,  1995; 
Koenigsberger  et  al.,  1997;  Sharma  et  al.,  1998;  Grifman  et  al.,  1998;  Stemfeld  et  al.,  1998) 
and  NMJ  structure  (Shapira  et  al.,  1994;  Seidman  et  al.,  1995).  Transgenic  mice 
overexpressing  human  AChE-S  in  spinal  cord  motoneurons  displayed  progressive  neuromotor 
impairments  that  were  associated  with  changes  in  NMJ  ultrastructure  (Andres  et  al.,  1997, 
1998).  However,  the  molecular  mechanisms  mediating  neuromuscular  deterioration  in  these 
mice  was  unclear.  Elevated  intracellular  calcium  was  previously  implicated  in 
anticholinesterase-mediated  myopathologies  (Laskwoski  et  al.,  1975).  Electromyography 
(EMG)  data  revealed  exaggerated  post-synaptic  responses  in  muscles  of  transgenic  mice  that 
indicated  similarly  enhanced  calcium  influx.  In  rodent  brain,  we  found  that  both  stress  and 
cholinesterase  inhibitors  induce  dramatic  calcium-dependent  overexpression  of  AChE-R 
(Kaufer  et  al.,  1998).  We  therefore  predicted  that  feedback  overexpression  of  AChE-R  would 
also  occur  in  muscles  of  both  anticholinesterase-treated  control  and  NMJ-stressed  AChE 
transgenic  mice.  Moreover,  we  expected  that  overexpressed  AChE  would  have  morphogenic 
implications  for  the  nerves  and/or  muscles.  To  test  these  hypotheses,  we  examined  AChE 
expression,  motor  endplate  organization,  neurite  outgrowth,  and  muscle  integrity  in  AChE-S 
transgenic  mice  and  in  normal  mice  treated  with  DFP  with  or  without  co-administration  of 
antisense  oligonucleotides  to  AChE  mRNA.  Our  findings  identify  the  AChE  feedback  loop  as 
a  molecular  response  common  to  both  physiological  NMJ  stress  and  anticholinesterase 
exposure  in  muscle.  Furthermore,  they  suggest  that  induced  overexpression  of  AChE-R 
contributes  to  neuromuscular  deterioration  under  diverse  conditions  leading  to  disease  and 
demonstrate  in  vivo  antisense  blockade  of  the  AChE  feedback  response  to  NMJ  stress. 
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Materials  and  Methods 

Animals  and  tissue  preparations.  FVB/N  mice,  aged  postnatal  day  (P)  0,  15,  30  and  4 
months  (M)  were  sacrificed  and  their  tongues  removed  into  liquid  nitrogen  for  PCR  and 
biochemical  analyses.  For  in  situ  hybridization  and  silver  staining,  2mm3  cubes  of  tongue 
tissue  were  incubated  in  3.7%  formaldehyde  overnight  at  room  temperature  and  then  paraffin 
embedded.  Sections  were  cut  (5pm)  and  placed  on  3-aminopropyltriethoxysilane  treated 
slides,  dried  at  37°C  overnight  and  kept  at  4°C  until  use.  For  cytochemistry,  whole  diaphragms 
were  fixed  for  lhr  in  4%  paraformaldehyde  at  22°C,  rinsed  twice  in  phosphate  buffered  saline 
(PBS),  and  stained  for  catalytically  active  AChE  activity  as  previously  described  (Andres  et 
al.,  1997). 

Chronic  DFP  treatment.  Mouse  pups  were  housed  with  the  dam  in  a  light-  and  temperature- 
controlled  room.  Animals  were  injected  subcutaneously  once  daily  with  either  1.0  mg/Kg 
DFP  (Aldrich  Chemical  Co.,  Milwaukee,  WI)  dissolved  in  corn-oil  or  with  com  oil  alone 
during  the  first  2  postnatal  weeks.  To  minimize  central  nervous  system  toxicity,  pups  were 
pretreated  with  10  mg/Kg  (i.p.)  atropine  sulfate  (Sigma  Chemical  Co.,  St.  Louis,  MO)  in 
saline  15  min  before  injection.  At  P15,  about  4  h  after  the  last  injection,  pups  were  sacrificed 
and  their  tongues  removed. 

DFP/Antisense  Experiments.  Adult  FVB/N  mice  were  coinjected  (i.p.)  once  daily  for  4 
consecutive  days  with  DFP  alone  or  together  with  5  pg/Kg  of  an  antisense  oligonucleotide 
(AS 3;  3'CCA  GCT  TCT  TTT  ATA  ACG  TC)  targeted  to  exon  E2  in  the  mouse 
acetylcholinesterase  gene.  AS3  included  2’-0-methyl  ribonucleotide  substitutions  at  the  three 
3’-terminal  positions  to  stabilize  it  against  nucleolytic  degradation. 

RT-PCR  analysis.  RNA  from  tongue  samples  was  extracted  by  RNA  Clean  (PeqLAb, 
Heidelberg,  Germany)  according  to  manufacturer’s  instructions.  RT-PCR  reactions  were 
performed  as  previously  described  using  a  common  upstream  (+)  primer  and  downstream  (-) 
primers  selective  for  each  of  the  alternative  AChE  mRNA  exons  (Fig.  1  A): 

E3:  1361(+)  { 5  ’  -CCGGGT  CT  AT  GCCT  AC  AT  CTTTGA  A-3  ’ } 

E6:  1 844(-)  { 5  ’  C  AC  AGGT  CT  G  AGC  AGCGCTCCT  GCTT  G-CT  A-3  ’ } 

E5:  240(-)  { 5  ’  -  AAGG  A  AG  A  AGAGG  AGGG  A-C  AGGGCT  A  AG-3  ’ } 

14:  74(.)  {5’-TTGCCGCCTTGTGCATTCCCT-3’} 

To  detect  c-Fos  mRNA  we  used  the  primer  pair  1604(+)/2306(-)  (Kaufer  et  al.,  1998).  PCR 
products  sampled  every  third  cycle  from  cycles  24-36  for  the  AChE  and  c-Fos  mRNAs,  and 
from  cycles  18-24  for  p-actin  mRNA  were  electrophoresed  on  1.5%  agarose  gels  and  stained 
with  ethidium  bromide. 

In  situ  hybridization.  2’-0-methylated,  5 ’-biotinylated  cRNA  probes  were  used  to  selectively 
decorate  alternative  mouse  (m)  AChE  mRNAs.  Detection  was  with  alkaline  phosphatase- 
conjugated  streptavidin  and  ELF  (Molecular  Probes). 
mI4:  (-79)5’- 

AACCCUUGCCGCCUUGUGCAUUCCCUGCUCCCCCCACUCCAUGCGCCUAC-3’(- 
29);  mE6:  (209)  5’- 

CCCCUAGUGGGAGGAAGUCGGGGAGGAGUGGACAGGGCCUGGGGGCUCGG-3’ 
(258);  mE5:  (-249)5’- 

GAGGAGGAAAAGGAAGAAGAGGAGGGACAGGGCUAAGUCCGGCCCGGGC-3’(- 

200); 

Paraffin  embedded  tongue  sections  were  deparaffinized  and  dehydrated  in  a  methanol/PBT 
(PBS,  0.1%  Tween-20)  series.  Hybridization  included  preclearing  in  H2O2  (6%  in  PBT,  30 
min),  proteinase  treatment,  glycine  wash  and  refixation  (4%  paraformaldehyde,  20  min),  all 
essentially  as  described  elsewhere  (Kaufer  et  al.,  1998;  Grisaru  et  al.,  1999)  except  that  1% 
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SDS  was  added  to  the  hybridization  buffer  and  to  solution  1  and  0.1%  Tween-20  was  added  to 
solution  2. 

Neurites  silver  stain:  Paraffin  embedded  tongue  muscle  sections  were  stained  for  neuronal 
fibers  basically  according  to  Gros-Bielschowsky  using  silver  nitrate  (20%,  60  min  at  37°C), 
distilled  water  washes  and  incubation  in  ammonium  hydroxide-silver  nitrate  solution  (60 
min).  Color  was  developed  for  24  to  36  h.  For  fixation,  slides  were  dipped  in  sodium 
thiosulfate  (2  sec),  washed  in  water  and  dehydrated. 


Results 

Chronic  cholinesterase  blockade  and  transgenic  overexpression  of  synaptic  neuronal 
AChE  promote  elevated  c-Fos  and  readthrough  AChE  mRNAs  in  muscle.  Both  acute 
stress  and  cholinesterase  inhibitors  were  shown  to  trigger  overexpression  of  AChE-R  in 
rodent  brain  via  a  c-fos-mediated  pathway  (Kaufer  et  al.,  1998).  To  investigate  whether  the 
AChE  feedback  loop  is  active  in  muscle,  we  performed  reverse-transcription  (RT)  PCR  on 
mRNA  extracted  from  tongue  of  two-week-old  (PI 5)  mice  injected  daily,  from  birth,  with  1 
mg/kg  DFP.  This  dose  of  DFP  blocked  approximately  80%  of  muscle  AChE  activity,  but  did 
not  elicit  overt  symptoms  of  cholinergic  poisoning.  In  parallel,  RT-PCR  was  performed  on 
tongue  RNA  from  transgenic  mice  overexpressing  AChE-S  in  spinal  cord  motoneurons. 
Semi-quantitative  analyses  performed  with  primers  detecting  mouse  mRNAs  encoding  either 
c-fos  or  AChE-R  revealed  over  2-fold  elevated  levels  of  both  transcripts  following  either 
chronic  inhibition  or  congenital  overexpression  of  AChE  (Fig.  1).  In  contrast,  neither 
endogenous  AChE-S-  nor  AChE-H-  mRNA  levels  were  detectably  affected  by  either  DFP  or 
transgenic  AChE  (Fig.  1  and  data  not  shown).  (3-actin  mRNA  displayed  similar  levels  among 
all  groups,  indicating  equal  starting  amounts  of  RNA  in  all  reactions  (Fig.  1).  These  data 
demonstrated  that  both  chronic  overproduction  and  acute  blockade  of  AChE  catalytic  activity 
stimulate  selective  de  novo  synthesis  of  AChE-R  in  muscle. 


B 


E6  14 


Relative  band  intensities 


Fig.  1.  Transgenic  AChE-S  and  DFP 
similarly  induce  enhanced  c-fos  and  AChE-R 
mRNA  production  in  muscle. 

A.  The  mouse  ACHE  gene  and  alternative 
splicing  products.  Presented  is  a  schematic 
illustration  of  coding  exons  3,  4,  5  and  6  (shaded 
boxes)  and  intron  3  to  4  (white  boxes)  in  the 
mouse  ACHE  gene.  The  “synaptic”  AChE-S 
mRNA  transcript  (E6)  results  from  splicing  of 
exon  4  to  6;  the  “hematopoietic”  AChE-H  mRNA 
transcript  (E5)  from  splicing  of  exon  4  to  5; 
Readthrough  AChE-R  mRNA  retains  intron  14  in 
a  mature  unspliced  transcript.  Arrowheads 
indicate  PCR  primer  pairs  detecting  the 
individual  mRNA  transcripts. 

B.  RT-PCR  analyses.  RT-PCR  was  performed 


using  primers  specific  for  the  various  alternative  AChE  mRNAs  (Materials  and  Methods). 
Presented  are  PCR  products  of  AChE  mRNA  derived  from  tongue  muscle  of  control  (Crtl)  or 
AChE  transgenic  (Tg)  newborn  mice  or  from  control  mice  treated  for  2  weeks  with  either 
DFP  or  vehicle  (Veh).  Note  the  increased  levels  of  both  endogenous  mouse  and  c-fos  mRNAs 
in  transgenic  vs.  control  mice  and  in  control  mice  injected  with  DFP.  Neither  endogenous 
AChE-S  or  the  unrelated  [5-actin  mRNAs  responded  to  either  transgenic  AChE 
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overexpression  or  AChE  inhibition.  Displayed  are  PCR  reactions  sampled  every  third  cycle 
from  cycle  24  for  AChE  and  c-fos,  and  from  cycle  18  for  P-actin.  One  of  4  experiments  for 
each  mRNA,  using  different  RNA  preparations  is  presented.  Bar  graph  represents  the  relative 
band  intensity  for  each  mRNA  in  the  presented  PCR  images  as  determined  by  densitometric 
analysis.  Quantification  was  performed  at  cycle  33  for  AChE  and  c-fos  mRNAs  and  at  cycle 
24  for  P-actin  mRNA,  within  the  exponential  phase  of  product  accumulation. 

Readthrough  AChE  mRNA  accumulates  in  both  muscle  and  epithelium  under 
cholinesterase  blockade  and  transgenic  AChE  overexpression.  To  determine  the 
localization  of  induced  AChE-R  mRNA  in  tongue,  we  employed  high  resolution,  fluorescent 
in  situ  hybridization.  Fluorescent  hybridization  signals  obtained  using  an  AChE-S  mRNA- 
specific  probe  exhibited  similar  moderate  intensities  and  bandwidth  in  epithelium  of  newborn 
transgenic  and  control  mice  (Fig.  2a, b).  AChE-H  mRNA  was  also  detected  at  low  levels  in  the 
epithelium  of  both  control  and  transgenic  mice  (not  shown).  AChE-R  mRNA  was  barely 
detectable  in  sections  from  control  mice,  consistent  with  the  PCR  data.  In  contrast, 
pronounced  expression  of  AChE-R  mRNA  was  observed  in  tongue  epithelium  of  newborn 
transgenic  mice  (Fig.  2c, d).  With  DFP,  no  significant  differences  were  observed  in  the 
expression  of  AChE-S  mRNA  in  treated-  versus  vehicle-injected  mice  (Fig.  2e,f).  However, 
fifteen-day-old  DFP-treated,  but  not  their  littermate  controls,  exhibited  high  levels  of  AChE-R 
mRNA  across  the  entire  width  of  the  tongue  epithelium,  extending  into  the  muscle  (Fig.  2g,h). 
In  general,  hybridization  with  the  AChE-S  mRNA  probe  gave  moderate  and  somewhat 
punctuated  staining,  consistent  with  the  localization  of  this  message  around  junctional  nuclei 
(Jasmin  et  al.,  1993).  In  contrast,  staining  with  the  AChE-R  mRNA-specific  probe  yielded  a 
more  diffuse  staining  pattern,  especially  following  DFP  treatment,  suggesting  extrajunctional 
synthesis.  These  data  demonstrated  that  both  transgenic  overexpression  and  inhibitor- 
mediated  blockade  of  AChE  promote  a  specific  induction  of  AChE-R  mRNA  that  takes  place 
in  both  muscle  and  epithelium. 

Fig.  2.  Overexpressed  transgenic  AChE-S  and 
DFP  induce  accumulation  of  endogenous  AChE- 
R  mRNA  in  both  epithelium  and  muscle. 

In  situ  hybridization  was  performed  on  7  pm 
sections  of  tongue  from  newborn  (PO)  control  (a,c) 
and  AChE  transgenic  (b,d)  mice,  or  15-day-old 
(PI 5)  control  mice  injected  with  either  vehicle 
(e,g)  or  the  AChE  inhibitor  DFP  (f,h).  Note 
enhanced  and  delocalized  fluorescent  labeling  of  AChE-R  but  not  AChE-S  mRNA  in 
epithelial  cells  and  muscle  fibers  from  both  transgenic  and  DFP-treated  mice  as  compared  to 
controls. 

Transgenic  mice  display  delocalized  overexpression  of  catalytically  active  AChE  in 
muscle.  High-salt/detergent  extracts  of  tongue  revealed  a  developmental  increase  in  AChE 
enzyme  activity  in  control  mice  (12  ±  2  nmol  substrate  hydrolyzed/min/mg  protein  at  P7 
versus  24  ±  4  at  PI 5;  n= 8).  Two-fold  increased  levels  of  catalytically  active  AChE  were 
observed  in  tongue  homogenates  from  transgenic  over  control  mice  at  P7,  but  only  25%  at 
PI 5.  These  findings  suggested  that  adjustments  in  the  feedback  response  take  place  over  time 
and/or  during  development.  To  localize  overexpressed  AChE  in  the  tongue,  we  performed 
cytohistochemical  staining  for  AChE  on  sections  from  one-month-old  control  and  transgenic 
mice.  In  control  mice,  activity  staining  was  pale  except  for  intense,  highly  localized  staining 
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observed  at  motor  endplates  (Fig.  3A,B).  In  contrast,  transgenic  mice  displayed  overall  darker 
staining  of  the  muscle  layers,  particularly  near  the  submucosal  epithelium  (Fig.  3C).  In 
transgenic  mice,  intense  staining  was  observed  along  muscle  fibers,  not  restricted  to  endplate 
regions  (Fig.  3D).  This  staining  pattern  was  reminiscent  of  AChE-S  overexpressed  in 
myotomes  of  microinjected  Xenopus  embryos  (Seidman  et  al.,  1995).  The  relative 
contributions  of  endogenous  AChE-R  and  transgenic  AChE-S  isoforms  to  this  overexpression 
pattern  were  not  discemable  in  this  experiment.  Nevertheless,  AChE-R  mRNA  displayed 
pronounced  overexpression  in  epithelium  of  transgenic  mice  that  contrasted  with  the 
accumulation  of  catalytically  active  protein  that  was  primarily  limited  to  muscle. 


Fig.  3.  AChE-Transgenic  mice  display  pronounced 
non-junctional  enzyme  activity  in  muscle. 

Tongue  sections  from  one-month-old  control  and 
transgenic  mice  were  stained  for  catalytically  active 
AChE.  At  low  magnification,  diffuse,  light  staining  of 
both  epithelium  (E)  and  muscle  (M)  layers  was  observed 
in  sections  from  control  mice  (A).  Higher  magnification 
revealed  strong  AChE  activity  localized  to  motor 
endplates  (B).  In  sections  from  transgenic  mice,  minimal 
levels  of  AChE  are  visible  in  the  epithelium  (C),  while 
intense  staining  is  evident  in  the  muscle  layer,  widely 
distributed  along  muscle  fibers  (C,  arrow;  D). 


Cholinesterase  inhibition  and  overexpressed  AChE  cause  similar  muscle  pathologies.  We 

previously  reported  aberrant  NMJ  ultrastructure  and  progressive  neuromotor  dysfunction 
among  adult  AChE  transgenic  mice.  We  hypothesized  that  induced  AChE-R  contributes  to 
this  neuromuscular  deterioration.  In  that  case,  DFP,  as  an  instigator  of  the  AChE  feedback 
loop  would  be  expected  to  elicit  parallel  myopathologies.  To  determine  if  the  ability  of 
cholinesterase  inhibition  to  promote  deterioration  of  muscle  is  correlated  with  overexpressed 
AChE-R,  we  studied  the  gross  morphological  features  of  tongue  muscle.  Muscle  fibers  from 
15-day-old  untreated  control  mice  were  organized  in  a  linear  fashion  within  parallel  bundles. 
In  contrast,  muscle  fibers  from  both  DFP-treated  FVB/N  mice  and  ACHE-transgenic  mice 
displayed  chaotic  disorder  (Fig.  4).  At  higher  magnification,  severely  atrophic,  vacuolated 
muscles  could  be  observed  in  both  experimental  systems.  Despite  these  muscle 
malformations,  transgenic  pups  suckled  normally  and  displayed  normal  growth  in  their  first 
weeks,  suggesting  a  fairly  large  safety  margin  for  non-strenuous  muscle  activity. 

Fig.  4.  Transgenic  and  DFP-induced  AChE 
excesses  associated  with  muscle  pathologies. 

Tongue  muscle  from  PI 5  untreated  control 
(Ctrl),  chronic-DFP-treated  control  (DFP),  or 
untreated  ACHE  transgenic  (Tg)  mice  was 
stained  with  hematoxyllin-eosin  and  evaluated 
for  gross  morphological  features.  Muscle  tissue 
of  control  mice  displayed  a  high  degree  of 
organization,  with  fibers  closely  aligned  in  regular  parallel  arrays.  In  control  mice  injected 
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daily  with  DFP,  and  in  untreated  transgenic  mice,  the  corresponding  tissues  appeared 
distorted,  with  apparently  atrophic,  disorganized  muscle  fibers.  Upper  panels  present  low 
magnification  photomicrographs  that  include  epithelial  and  muscle  layers.  Lower  panels 
display  high  magnification  of  the  muscle  layer  alone. 

Both  transgenic  and  anti-AChE  insults  cause  excessive  muscle  reinnervation.  Neurite- 
growth  promoting  activities  have  been  demonstrated  for  AChE  in  vitro  .  We  therefore 
hypothesized  that  overexpressed  AChE  may  exert  morphogenic  activities  on  motoneurons.  To 
test  this  hypothesis,  we  used  Bielshovsky-based  silver  staining  to  characterize  the  distribution 
of  motor  axons  in  tongue  muscle  from  DFP-treated  FVB/N  and  untreated  AChE  transgenic 
mice  as  compared  to  untreated  control  mice.  Large  bundles  of  neurites  (Fig.  5A)  were 
observed  in  muscles  of  all  three  groups  in  similar  numbers,  suggesting  similar  primary  nerve 
input  to  the  tongue  in  all  mice.  Elowever,  both  DFP-injected  and  AChE  transgenic  mice 
displayed  2-fold  increases  in  the  number  of  small  (<200  pm2),  apparently  unbundled  neurites 
as  compared  to  both  untreated  and  vehicle-injected  controls  (Fig.  5B,C).  These  results 
indicated  axon  branching  in  AChE-R  overexpressing  muscles,  and  hinted  at  a  process  of 
denervation-reinnervation  in  muscles  of  both  DFP-treated  and  ACHE  transgenic  mice. 

Fig.  5.  Both  transgenic  AChE  and  DFP  induce  neurite 
sprouting. 

Silver-stained  tongue-muscle  neurites  are  shown  in  parallel 
sections  from  (A)  15-day-old  control,  (B)  DFP-injected 
control,  and  (C)  AChE  transgenic  mice.  Both  DFP-treated 
and  transgenic  mice  displayed  numerous  small  (<200  pm2) 
bundles  of  neurites  as  compared  with  untreated  controls 
(black  arrows).  Shown  are  representative  photomicrographs 
in  an  equivalent  location  beneath  the  tongue  epithelium. 
White  arrow  indicates  a  representative  large  (>1000  pm2) 
neurite  bundle  observed  in  all  groups  in  similar  numbers. 
Sections  from  vehicle-injected  animals  were 
indistinguishable  from  untreated  controls  (not  shown).  Bar 
graph  represents  number  of  small  neurites  per  mm2 
(average  +  SEM)  for  at  least  3  animals  from  each  group.  Asterisk  indicates  statistically 
significant  difference  compared  to  control  (p<0.05,  ANOVA) 

Elevated  AChE  induces  antisense-blocked  expansion  of  motor  endplate  fields.  The 

observed  increase  in  small,  silver-stained  neurites  in  transgenic  and  DFP-treated  mice 
suggested  that  cholinergic  insults  may  be  associated  with  reinnervation  processes  and  the 
formation  of  new  endplates.  To  examine  this  possibility,  we  counted  motor  endplates  in  intact 
diaphragms  from  adult  control  and  transgenic  mice,  and  from  control  mice  one  month 
following  a  course  of  four  daily  i.p.  injections  of  DFP  (1  mg/kg).  In  diaphragms  from  DFP- 
treated  mice,  we  observed  a  2-fold  increase  over  controls  in  the  average  number  of  endplates 
per  mm2  as  measured  along  the  length  of  the  innervating  nerve  (16.14  ±  2.44  vs.  8.52  ±  2.42 
(±  SEM))  (Fig.  6A,B).  In  diaphragms  from  transgenic  mice,  we  observed  a  50%  increase  in 
the  density  of  motor  endplates  compared  to  controls  (12.61  ±  0.49  NMJs/mm2)  (Fig.  6C). 
Overall,  these  endplates  appeared  smaller  than  endplates  from  control  mice.  However,  in 
addition  to  the  many  small  endplates,  we  often  observed  abnormal,  elongated  endplates  in 
muscles  from  both  DFP-treated  and  transgenic  mice.  Two  weeks  after  treatment  with  DFP, 
muscles  from  FVB/N  mice  displayed  AChE  activity  that  was  elevated  approximately  two-fold 
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above  controls  (10.2±2.3  vs.  6.1±2.1  nanomoles  substrate  hydrolyzed/min/mg  tissue;  N>6). 
However,  co-administration  of  as  little  as  80  flg/Kg  of  a  3’ -end-capped,  2’-0-methyl  antisense 
oligonucleotide  antisense  against  AChE  (Grisaru  et  al.,  1999)  prevented  accumulation  of 
catalytically  active  enzyme  by  60%  and  largely  suppressed  DFP-induced  increases  in  the 
number  of  diaphragm  motor  endplates  Fig.  6D).  AS3  alone  reduced  NMJ  densities  to  values 
well  below  those  measured  in  control  muscles  without  dramatically  altering  AChE  activity. 
Together  with  data  indicating  a  relative  sensitivity  of  AChE-R  mRNA  over  AChE-S  mRNA 
to  AS3-mediated  destruction  (Grisaru  et  al.,  1999  and  manuscript  in  preparation),  these 
observations  suggest  that  AChE-R  represents  a  minor  but  physiologically  significant 
component  of  total  muscle  AChE  in  control  untreated  animals. 

Fig.  6.  Transgenic  AChE  and  DFP  promote 
proliferation  of  motor  endplates. 

Diaphragm  motor  endplates  from  4  month-old  control  mice 
(A),  control  mice  one  month  following  repeated  treatment 
with  DFP  (B)  and  AChE-transgenic  mice  (C)  were 
visualized  by  staining  for  catalytically  active  AChE.  Both 
DFP-treated  control  mice  and  AChE-transgenic  mice 
displayed  an  increased  number  of  small  synapses  as 
compared  to  controls.  (D)  Graph  represents  the  number  of 
synapses  (average  ±  SEM;  ri> 3)  per  mm2  tissue  as  a 
function  of  AChE  catalytic  activity  (average  ±  SEM;  n>6) 
as  determined  in  high  salt/detergent  extracts  by  the 
acetylthiocholine  colorimetric  assay  (Seidman  et  al.,  1995). 
AChE  activity  is  expressed  as  nanomoles  acetylthiocholine 
hydrolyzed/min/mg  tissue.  Note  that  the  NMJ/activity  ratio 
in  diaphragms  from  AS3  treated  control  mice  deviates 
significantly  from  that  expected  given  the  correlation 
established  in  the  DFP+AS3  paradigm. 


Discussion 

We  observed  common  molecular  and  cellular  responses  in  mouse  muscle  to  transgenic 
overexpression  of  neuronal  AChE  and  to  chronic  administration  of  the  potent  AChE  inhibitor 
DFP.  On  the  surface,  the  convergent  outcome  of  these  two  experimental  manipulations 
appears  paradoxical.  DFP  imposes  a  rapid,  irreversible  blockade  of  the  acetylcholine¬ 
hydrolyzing  activity  of  AChE,  leading  to  acetylcholine  excess  and  cholinergic  excitation 
(Taylor,  1995;  Friedman  et  al.,  1996).  In  contrast,  transgenic  overexpression  of  AChE  in 
motoneurons  is  predicted  to  locally  elevate  acetylcholine-hydrolyzing  activity  at  the  NMJ, 
presumably  resulting  in  an  acetylcholine  deficit  and  cholinergic  hypoactivity.  Yet,  in  both 
cases,  we  observed  elevated  levels  of  c-fos  and  AChE-R  mRNAs  associated  with  changes  in 
the  number  and  structure  of  motor  endplates,  branching  of  motor  axons,  and  severe 
myopathologies.  These  findings  suggest  that  both  gain-  and  loss-  of  synaptic  activity  impose  a 
physiological  stress  on  the  muscle  that  is  translated  into  changes  in  gene  expression  having 
long-term  implications  for  neuromuscular  function.  In  transgenic  mice,  abnormally  intense 
electrophysiological  activity  suggested  that  long-term  adaptation  to  overexpressed  synaptic 
AChE  promotes  enhanced  cholinergic  activity  at  some  sites  (Andres  et  al.,  1997  and 
unpublished  data).  In  that  case,  even  normal  neuromotor  activity  would  elicit  cholinergic 
hyperexcitation  and  induce  expression  of  AChE-R  in  muscles  of  transgenic  mice. 
Nevertheless,  AChE  overexpression  following  either  stress  or  anticholinesterase  intoxication 
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carries  dire  implications  for  neuromuscular  structure  and  function  in  vivo.  These  findings  in 
muscle  parallel  the  overexpression  of  AChE-R  observed  in  rodent  brain  under  stress  and 
anticholinesterase  exposure.  The  profound  impact  of  AChE-R  overexpression  on  the  structure 
and  organization  of  NMJs,  advances  the  notion  that  overexpressed  AChE-R  in  the  central 
nervous  system  plays  a  role  in  the  delayed  psychopathologies  associated  with  trauma  or 
anticholinesterase  intoxication  (Reviewed  by  Kaufer  et  al.,  1999).  It  is  noteworthy  that 
transgenic  mice  overexpressing  very  high  levels  of  AChE-R  (Stemfeld  et  al.,  1998)  display 
dramatic  4-fold  elevated  NMJ  densities  (unpublished  observation). 

Until  recently,  the  low-level  basal  expression  of  AChE-R  precluded  characterization  of  this 
protein  from  natural  sources.  Nonetheless,  heterologous  expression  studies  demonstrated 
AChE-R  to  be  a  soluble,  secreted,  non-synaptic,  catalytically  active  form  of  the  enzyme 
(Seidman  et  al.,  1995).  In  microinjected  Xenopus  embryos,  expression  of  AChE-R  was 
restricted  to  secretory  epidermal  cells.  This  is  consistent  with  our  observations  of  induced 
AChE-R  mRNA  in  tongue  epithelium.  However,  the  absence  of  significant  AChE  activity  in 
the  tongue  epithelium  suggests  that  excess  AChE-R  is  excreted  from,  rather  than  retained 
within,  this  tissue  as  well.  Normally,  the  accumulation  of  AChE  in  mature  NMJs  is 
accomplished  by  focal  transcription  at  subjunctional  nuclei  combined  with  restrictions  on 
diffusion  of  AChE  mRNA  or  protein  to  non-junctional  sites  (Jasmin  et  al.,  1993).  The  diffuse 
localization  of  overexpressed  AChE-R  mRNA  and  of  AChE  enzyme  in  transgenic  and  DFP 
treated  muscle  is  consistent  with  a  non-junctional  disposition  for  this  enzyme.  Moreover,  it 
suggests  that  transcription  of  AChE  mRNA  is  activated  following  DFP  in  otherwise 
“quiescent”  non-junctional  nuclei.  Nevertheless,  the  extent  of  overexpressed  AChE  in 
transgenic  mice  displayed  a  downward  trend  during  post-natal  development.  Our  current 
findings  indicate  adjustments  of  the  AChE  feedback  loop  and  would  explain  our  previous 
detection  of  only  slightly  elevated  AChE  activity  in  muscles  of  adult  transgenic  mice  (Andres 
etal.,  1997). 

Increased  numbers  of  small  neurites  were  associated  with  increased  numbers  of  small, 
immature  endplates  in  diaphragms  of  DFP  and  transgenic  mice.  This  suggests  that  NMJ  stress 
stimulates  compensatory  mechanisms  designed  to  increase  the  number  of  functional  synapses. 
Intraperitoneal  injections  of  antisense  oligonucleotides  to  AChE  mRNA  ameliorated  both 
induced  AChE  overexpression  and  motor  endplate  expansion.  Since  oligonucleotides  are  not 
known  to  cross  the  blood-brain-barrier  unassisted  (Seidman  et  al.,  1999),  the  observation  that 
systemic  administration  of  AS3  effectively  blocked  DFP-promoted  synaptogenesis  indicates  a 
prominent  role  for  muscle-derived  AChE-R  in  this  phenomenon.  Neurite  growth  promoting 
functions  attributed  to  the  synaptic  AChE-S  variant  were  shown  to  be  independent  of  catalytic 
activity  (Stemfeld  et  al.,  1998).  In  the  current  study,  repeated  DFP  treatments  were  associated 
with  elevated  levels  of  AChE-R  mRNA  and  enhanced  neurite  branching  even  though  de  novo 
synthesized  enzyme  would  be  rapidly  inactivated  by  residual  inhibitor.  This  is  compatible 
with  the  idea  that  catalytically  inactive  AChE-R  exerts  morphogenetic  activities  on 
mammalian  motoneurons.  Moreover,  recent  studies  in  our  laboratory  demonstrate  long-term 
(at  least  1  month)  overproduction  of  AChE-R  in  brain  following  exposure  to  DFP  (Friedman 
et  al,  in  preparation).  This  could  help  explain  the  devastating  myopathic  effects  of  even  a 
single  exposure  to  this  agent  (Taylor,  1996).  As  DFP  promotes  overexpression  of  AChE  in 
central  neurons,  the  signal  driving  changes  in  neurite  structure  could  originate  from  either  the 
muscle  or  the  motoneurons  themselves.  Similarly,  the  effects  of  DFP  on  muscle  may  reflect  its 
status  as  a  target  tissue  of  neurons  overexpressing  AChE-R.  This  latter  possibility  suggests 
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further  studies  into  the  potential  effects  of  overexpressed  neuronal  AChE  on  other  target 
tissues  such  as  adrenal  gland  and  intestine. 

A  massive  and  transitory  increase  in  c-fos  mRNA  and  Fos  protein  was  reported  to  occur  in 
rats  intoxicated  by  a  single  dose  of  Soman,  a  highly  toxic  irreversible  inhibitor  of 
cholinesterase  (Chollat  et  al.,  1993).  In  our  study,  both  DFP  and  transgenic  AChE  promoted 
elevated  levels  of  c-fos  mRNA  in  muscle.  Upregulation  of  this  nuclear  transcription  factor 
could  be  due  to  muscle  necrosis  and  cell  death  since  chronic  elevation  of  Fos  usually 
accompanies  cell  injury  or  apoptosis  (Slotkin  et  al.,  1997).  However,  induction  of  c-Fos  was 
also  reported  to  follow  nerve  growth  factor  administration  in  cholinergic  neurons  of  the  adult 
rat  basal  forebrain  (Gibbs  et  al.,  1997).  Therefore,  elevated  c-fos  mRNA  in  transgenic  and 
DFP-treated  mouse  muscle  could  reflect  regeneration  processes.  In  brain,  calcium-dependent 
elevations  in  c-fos  mRNA  were  spatio-temporally  correlated  with  elevated  levels  of  AChE-R 
mRNA.  This  suggests  that  AChE-R  represents  a  downstream,  stress  responsive  element  in  the 
nervous  system.  The  sequence  homology  (de  la  Escalera  et  al.,  1990;  Ichtchenko  et  al.,  1995) 
and  functional  redundancy  (Darboux  et  al.,  1996;  Griffnan  et  al.,  1998)  between  AChE  and 
neuronal  cell-cell  interaction  proteins  with  protruding  intracellular  domains  such  as 
neurotactin  and  neuroligin  suggest  a  role  for  AChE  in  cell  adhesion.  In  that  case,  stress 
responsive  AChE-R  could  play  a  role  in  the  neuronal  remodeling  that  follows  various  stress 
insults.  The  core  domain  of  AChE  is  likely  to  mediate  the  enzyme’s  non-catalytic  functions, 
perhaps  by  regulating  ligand-binding  interactions  between  its  homologous  cell  surface 
proteins  and  their  natural  binding  partners  (i.e.  neurexins).  Nevertheless,  isoform-specific 
influences  of  AChE  on  cellular  morphogenesis  implies  important,  but  yet  undefined  roles  for 
the  various  alternative  C-terminal  peptides. 

Cholinesterase  inhibitors  are  routinely  employed  to  treat  various  neurological  disorders 
associated  with  cholinergic  deficits.  For  example,  the  fluctuating  muscle  weakness  suffered  by 
individuals  afflicted  with  myasthenia  gravis  is  treated  with  chronic  administration  of 
neostigmine.  Nevertheless,  neostigmine  has  long  been  known  to  promote  ultrastructural 
abnormalities  of  the  post-synaptic  NMJ  membrane,  terminal  nerve  branching,  and 
myopathologies  in  normal  rats  (Engel  et  al.,  1973;  Hudson  et  al.,  1978).  For  these  reasons,  it 
was  suggested  that  anticholinesterase  therapy  may  actually  contribute  to  the  progressive 
deterioration  of  muscle  function  in  myasthenia  gravis  (Swash,  1975).  Our  current  findings 
suggest  that  adverse  responses  to  neostigmine  might  be  mediated  by  feedback  responses  to 
AChE  inhibition  and  consequent  accumulation  of  AChE-R  in  muscle.  Thus,  our  data  point  to 
feedback  overexpression  of  AChE-R  as  a  mechanism  translating  diverse  physiological  NMJ 
stresses  into  long-term  neuromuscular  pathologies.  They  therefore  raise  serious  concern  about 
excessive  use  of  anticholinesterases  for  management  of  non-crisis  medical  situations.  Perhaps 
it  is  not  surprising,  therefore,  that  muscle  weakness  is  prominent  among  the  complaints  of 
Gulf  War  veterans  having  received  90  mg  per  day  pyridostigmine  as  a  prophylactic  guard 
against  anticipated  exposure  to  chemical  weapons  (Haley  et  al.,  1997).  Thus,  the  indications 
that  anticholinesterase  drugs  initiate  potentially  devastating  feedback  responses  in  mammalian 
muscle  carries  profound  health  implications  for  the  relatively  large  group  of  individuals 
currently  receiving,  or  targeted  for,  various  anticholinesterase  therapeutics.  For  example,  the 
only  drugs  currently  approved  for  Alzheimer’s  disease  are  potent  AChE  inhibitors.  The 
efficient  in  vivo  suppression  of  AChE  overexpression  achieved  here  with  extremely  low  doses 
of  antisense  oligonucleotides  to  AChEmRNA  suggests  that  antisense  therapeutics  may  offer  a 
viable  alternative  approach  to  conventional  anticholinesterase  therapy  in  the  nervous  system. 
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Acetylcholinesterase  monomer  interactions  with  the  anxiety-associated  neuronal 
complexes  of  PKCpII  with  RACK1 

Physiological  stress  induces  rapid,  robust  signaling  processes  in  mammalian  brain  neurons. 
These  suppress  long  term  potentiation  (LTP,  Vereker  et  al.,  2000),  augment  long  term 
depression  (LTD,  Xu  et  al.,  1997)  and  induce  release  of  synaptic  vesicles,  potentiating 
neurotransmission  (Stevens  and  Sullivan,  1998).  At  the  longer  term,  stress-induced  signaling 
attenuates  the  stress  response,  enabling  the  organism  to  be  less  excessively  affected  by  a 
stressful  event.  This  induces  neuronal  dendrite  branching  (Sousa  et  al.,  2000)  and  synapse  re¬ 
organization  (McEwen,  1999).  However,  the  molecular  pathway(s)  leading  from  short  -  to 
long  -  term  processes  and  which  enable  the  adjustment  to  stressful  stimuli,  are  not  yet  known. 

Ample  information  suggests  the  involvement  of  specific  protein  kinases  in  at  least  some  of 
these  stress-induced  processes.  The  enzymatic  activity  of  certain  subtypes  of  protein  kinase  C 
(PKC,  Coussens  et  al.,  1986)  was  shown  to  be  subject  to  changes  (i.e.  biochemical  activation, 
membrane  translocation)  under  physiological  (Hu  et  al.,  1987;  Wang  and  Feng,  1992), 
biochemical  (Macek  et  al.,  1998)  and  cytoarchitectural  (Tint  et  al.,  1992)  responses  at  the 
cellular  and  organismal  levels.  A  relevant  mediator  of  the  stress-related  changes  in  PKC 
activities  is  likely  to  be  largely  absent  from  brain  neurons  under  normal  conditions,  but  should 
be  induced  rapidly  and  for  long  periods  following  stress  insults.  The  putative  mediator  should 
further  be  intracellular  in  its  location  and  capable  of  activating  or  translocating  active  PKC 
within  neuronal  perikarya.  The  “readthrough”  acetylcholinesterase  variant  AChE-R  is  a 
promising  candidate  for  this  role  (reviewed  by  Soreq  and  Seidman,  2001).  Brain  AChE-R  is 
exceedingly  rare  in  the  adult,  non-stressed  brain.  Various  stress  insults  induce  AChE-R 
overproduction  through  alternative  splicing,  creating  a  different  C-terminal  domain  from  that 
of  synaptic  AChE-S.  AChE-R  levels  rise  rapidly  under  acute  psychological  stress  (Kaufer  et 
al.,  1998)  or  chemical  neurotoxication  (Shapira  et  al.,  2000)  and  stay  higher  for  over  two 
weeks  following  head  injury  (Shohami  et  al.,  2000).  Being  a  secretory  protein  AChE-R 
fulfills  the  extracellular  function  of  reducing  the  stress-induced  acetylcholine  levels.  In 
addition,  however,  it  accumulates  in  neuronal  cell  bodies  (Stemfeld  et  al.,  2000),  where 
acetylcholine  hydrolysis  is  unlikely.  Transgenic  mice  overexpressing  neuronal  AChE-R,  but 
not  the  normally  abundant  synaptic  variant  AChE-S,  display  reduced  levels  of  stress- 
associated  neuropathologies  (Stemfeld  et  al.,  2000).  This  suggests  for  the  AChE-R  protein 
distinct  stress-related  function(s).  Intriguingly,  the  unique  C-terminal  domain  of  AChE-R 
does  not  participate  in  acetylcholine  hydrolysis  for  which  the  core  domain,  common  to  all  of 
the  AChE  variants  is  sufficient  (Duval  et  al.,  1992).  Altogether,  these  findings  made  this  C- 
terminal  domain  of  AChE-R  an  attractive  candidate  for  non-biased  screening  for  potential 
protein  partners  that  could  be  instrumental  for  stress-induced  processes. 

Of  the  many  subtypes  of  PKC,  PKCpil  appears  more  directly  relevant  than  others  to 
physiological  stress  responses.  PKCpil  undergoes  specific  activation  and  membrane 
translocation  under  ischemia  (Cardell  and  Wieloch,  1993).  Its  genomic  disruption  causes  loss 
of  learning  faculties  and  induces  deficits  in  both  cued  and  conditional  fear  conditioning 
(Weeber  et  al.,  2000).  Intracellularly  stored  PKCpil  molecules  are  translocated  to  those 
neuronal  perikaryon  sites  where  they  function  with  the  aid  of  RACK1,  the  intracellular 
receptor  for  activated  protein  kinase  C  (Ron  et  al.,  1999).  RACK1  interacts  with  activated 
PKCpil  and  facilitates  its  subcellular  movement  under  exposure  to  phorbol  ester,  dopamine  P2 
agonists  or  ethanol  (Ron  et  al.,  1999;  Ron  et  al.,  2000).  Some,  although  not  all  reports 
indicate  RACK1  deficits  in  the  brain  of  Alzheimer’s  disease  patients  (Battaini  et  al.,  1999), 
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where  phosphorylation  impairments  are  a  distinct  feature  of  the  disease  phenotype  (Buee  et 
al.,  2000).  However,  RACK1,  like  PKCJ3II,  is  ubiquitously  present  in  numerous  cell  types, 
which  makes  it  unlikely  to  be  the  primary  inducer  of  PKCpil-mediated  stress  related 
cascades.  Using  a  yeast  2-hybrid  screen,  we  discovered  that  the  C-terminal  domain  of  AChE- 
R  forms  tight,  co-immunoprecipitable  triple  complexes  with  RACK1  and  PKCpil.  Moreover, 
AChE-R  interaction  activates  PKCpil  and  facilitate  its  translocation  into  densely  packed 
neuronal  clusters  that  may  be  causally  involved  with  the  stress-protection  capacity  of 
overexpressed  AChE-R. 

Materials  and  Methods 

Vectors  employed.  A  fragment  of  human  AChE-R  cDNA,  nt  1796-1865  of  hAChE, 
accession  no.  M55040,  followed  by  nt  1-111  from  the  genomic  hAChE  I4-E5  domain 
(accession  no.  S71129,  stop  codon  in  position  86),  was  used  as  “bait”  for  the  two-hybrid 
screen.  Cloning  into  the  EcoRVSmal  sites  of  pGBK-T7  (Clontech,  Palo  Alto,  CA),  yielding 
the  plasmid  pGBK-ARPl.  Cloning  of  the  “bait”  sequence  into  the  Bspl20I/XbaI  sites  of 
pEGFP-C2  (Clontech)  yielded  the  pGARP  vector.  The  AChE-R  expressing  plasmid  used  for 
transfections  has  been  described  in  detail  (Seidman  et  al.,  1995). 

Two  hybrid  screening.  The  “bait”  EcoRI/Hpal  fragment  of  AChE-R  cDNA  encodes  the  5 1 
amino  acid  long  C-terminal  fragment  of  AChE-R  fused  to  the  DNA-binding  domain  (BD) 
(amino  acids  1-147)  of  the  yeast  GAL4  transcriptional  activator.  An  amplified  and  CsCl 
gradient-purified  human  fetal  brain  cDNA  library  cloned  into  the  AD  vector  (Chien  et  al., 
1991)  encodes  for  a  fusion  protein  with  the  yeast  GAL4  activation  domain  AD,  (amino  acids 
768-881).  The  AH  109  yeast  strain  (Clontech)  was  sequentially  transformed  with  the  pGBK- 
ARP1  plasmid,  and  with  10-25  pg  of  the  library  DNA,  using  the  Yeastmaker  transformation 
system  (Clontech).  A  total  number  of  240,000  independent  clones  were  screened. 

Recombinant  RACK1  preparation.  A  plasmid  overexpressing  MBP-RACK1  in  E.  coli 
pDEM3 1 ,  a  derivative  of  pMAL-c2  (New  England  Biolabs,  Beverly,  MA)  (Rodriguez  et  al., 
1999),  was  a  kind  gift  from  Dr.  Daria  Mochly- Rosen,  Stanford  University.  The  pDEM31 
vector  expresses  in  E.  coli  recombinant  RACK1  fused  to  the  maltose  binding  protein,  which 
was  purified  on  an  amylose  affinity  column  (New  England  Biolabs).  The  36  kDa  RACK1 
protein  was  released  by  proteolysis  with  factor  Xa  (New  England  Biolabs). 

Cell  cultures  and  transfection  experiments.  PC  12  cells  were  transiently  transfected  with  the 
plasmid  encoding  AChE-R,  using  Lipofectamine  Plus  (Life  Technologies,  Paisley,  UK).  Cells 
were  lysed  24  h  following  transfection  in  lysis  buffer  (0.1  M  phosphate  buffer  pH  7.4,  1% 
Triton  X-100,  and  Complete  mini  protease  inhibitor  cocktail,  Roche,  Mannheim,  Germany). 
Cell  debris  was  removed  by  centrifugation  at  1 2,000  x  g  for  1 0  min. 

Overlay  assay.  Protein  samples  containing  recombinant  RACK1  were  separated  by  SDS- 
PAGE.  Following  blotting,  the  nitrocellulose  membrane  was  incubated  in  a  blocking  solution 
(3%  non  fat  dried  milk,  2%  BSA,  0.2%  Tween-20  in  Tris  buffered  saline,  TBS,  0.1  M  Tris  pH 
7.4,  1.7  M  NaCl)  for  1  h.  Overlay  was  in  6  ml  of  1:20  diluted  clear  supernatant  from 
homogenates  of  PC  12  cells  expressing  either  human  AChE-R  (Grifman  et  al.,  1998).  The 
final  protein  concentration  was  2mg/mL,  in  50  mM  Tris-HCl,  pH  7.5,  0.2  M  NaCl,  0.1% 
BSA,  0.1%  polyethylene  glycol  (PEG),  12  mM  |3-mercaptoethanol  and  Complete  mini¬ 
protease  inhibitors  cocktail  (Roche),  in  a  final  concentration  of  0.05%  Triton  X-100. 
Following  incubation  (lh,  room  temp.),  unbound  material  was  removed  by  3  brief  washes  and 
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three  5  min  washes  in  0.05%  Tween-20  in  TBS.  Following  fixation  with  4% 
paraformaldehyde  (30  min,  at  4°C),  bound  AChE  was  detected  using  goat  polyclonal 
antibodies  targeted  to  the  N-terminal  domain  of  hAChE  (Cat.  No.  sc-6431,  Santa  Cruz 
Biotechnology,  Santa  Cruz,  CA;  dilution  1 :500). 

Coimmunoprecipitation.  Clear  supernatants  of  PC  12  or  COS  cell  homogenates  (200  pL,  1.5 
mg  protein/mL)  were  prepared  by  manual  homogenization,  followed  by  30  min  centrifugation 
at  12,000  x  g,  4°C.  Supernatants  were  diluted  5-fold  with  NET  buffer  (50  mM  Tris-HCl,  pH 
7.4,  150  mM  NaCl,  1  mM  EDTA,  0.25%  gelatin  and  Complete  mini  protease  inhibitors 
cocktail,  Roche),  in  a  final  concentration  of  0.05%  Triton  X-100).  Goat  polyclonal  antibodies 
(Santa  Cruz)  targeted  to  the  N-terminal  domain  of  hAChE  (10  |iL,  200  pg/mL)  were  added  for 
overnight  rotation  at  4°C.  75  pL  of  Protein  G  MicroBeads  (Miltenyi  Biotec,  Bergisch 
Galdbach,  Germany)  was  added  and  incubation  continued  for  another  h.  Mixtures  were 
loaded  on  MACS  magnetic  separation  columns  (Miltenyi  Biotec),  washed  3  times  with  200 
pL  of  TBS  buffer  containing  0.05%  Tween-20  and  eluted  with  gel  loading  buffer.  Elutes  were 
separated  by  sodium  dodecyl  sulfate  polyacrylamide  gel  electrophoresis  (Bio-Rad,  Hercules, 
CA),  blotted  and  incubated  with  the  noted  detection  antibodies.  For  immunoprecipitation, 
dissected  mouse  brain  regions  were  homogenized  in  nine  volumes  of  the  lysis  buffer. 
Homogenates  were  passed  several  times  through  a  21 G  needle.  Insoluble  debris  was  removed 
by  a  30  min  12,000  x  g  centrifugation.  Homogenates  were  kept  frozen  at  -70°C  until  use. 

PKC  activity  PKC  activity  was  measured  using  a  PKC  assay  kit  (Upstate  Biotechnology, 
Lake  Placid,  NY)  according  to  the  kit  instructions.  Radioactivity  resulting  from  [y32P]ATP 
phosphorylation  of  a  specific  substrate  peptide  (QKRPSQRSKYL),  was  evaluated  by 
incubating  PKC  (Calbiochem,  San  Diego,  CA)  in  20  mM  MOPS  (pH  7.2),  25  mM  P-glycerol 
phosphate,  1  mM  sodium  ortho  vanadate,  ImM  DTT,  ImM  CaCl2,  10  mM  MgCl,  100  pM 
ATP/[y32P]ATP  in  the  presence  or  absence  of  1  pg  recombinant  AChE-S  (Sigma,  Rehovot, 
Israel)  and/or  1  pg  RACK1.  BSA  was  added  to  supplement  the  final  protein  concentration  in 
all  reactions  to  0.1  mg/ml.  Reactions  were  performed  in  the  presence  or  absence  of  lipid 
activators  (0.1  mg/ml  phosphatidyl  serine,  0.01  mg/ml  diacylglycerol).  Following  a  10  min 
incubation  at  30°C,  reaction  was  started  by  substrate  addition  additional  for  10  min  incubation 
at  30°C.  Aliquots  of  the  reaction  mixtures  were  then  spotted  on  P81  phosphocellulose  paper 
washed  three  times  with  0.75%  phosphoric  acid  and  once  with  acetone,  and  counted  by 
Cherenkov  method  in  a  scintillation  counter  (Beckman,  Fullerton,  CA).  Background 
phosphorylation  was  determined  in  a  reaction  carried  out  without  lipid  activators  in  the 
presence  of  10  mM  EGTA,  this  value  was  subtracted  from  all  data. 

PKC  activity  in  brain  homogenates  (100  pg  total  protein)  of  transgenic  and  control  mice  was 
measured  as  detailed  above,  with  the  addition  of  PKA/CaMK  inhibitor  cocktail  supplied  with 
the  kit. 

Laboratory  Animals  and  Stress  Experiments.  Male  6-8  weeks  old  FVB/N  mice  were 
subjected  to  saline  injection  (0.2  ml,  intraperitoneal)  which  induces  mild  psychological  stress 
in  this  stress-sensitive  strain.  Stressed  mice,  control  and  AChE-R  transgenic  mice  (Stemfeld 
et  al.,  2000)  were  sacrificed  24  h  post-injection.  To  prepare  brain  sections,  four  mice  from 
each  line  were  deeply  anesthetized  with  Pental  (pentobarbitone  sodium  200mg/ml,  CTS 
Chemical  industries,  Petah  Tikva,  Israel)  at  a  dose  of  100  mg/Kg  and  transcardially  perfused 
with  4%  (v/v)  paraformaldehyde.  Brains  were  post-fixed  by  immersion  in  4%  (v/vl) 
paraformaldehyde  (overnight,  2-8°C)  and  incubated  in  12%  (vol/vol)  sucrose  in  0.1M 
phosphate  buffered  saline  (PBS).  Coronal  cryostat  sections  (30  pm)  were  floated  in  PBS  and 
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kept  at  -20°C  in  40%  (v/v)  ethylene  glycol  and  1%  polyvinylpyrrolidone  in  0.1  M  potassium 
acetate  (pH  6.5)  until  staining. 

Antibodies  and  working  dilutions.  Immunohistochemical  analyses  were  essentially  as 
previously  described  (Shoham  and  Ebstein,  1997;  Stemfeld  et  al.,  2000),  using  rabbit  anti- 
ARP  (Stemfeld  et  al.,  2000)  1:100,  rabbit  anti  PKCpII  (Cat.  No.  sc-210,  Santa  Cruz)  1:100, 
rabbit  anti  PKCpII  (Sigma-Israel)  1:250  and  mouse  anti  RACK1  (Cat.  No.  R20620, 
Transduction  Labratories,  San  Diego,  CA)  1 :200.  Immunoblot  analyses  were  with  rabbit  anti- 
N-terminus  AChE  antibodies  (Cat.  No.  N-19,  Santa  Cruz),  1 :500;  mouse  monoclonal  antibody 
against  all  isoforms  of  PKC  of  mouse,  rat  and  human  origin  (Cat.  No.  sc-80,  Santa  Cruz), 
dilution  1:100,  or  mouse  monoclonal  antibody  against  RACK1  (R20620, Transduction 
Laboratories),  dilution  1 :2500. 

Sections  were  incubated  with  the  primary  antibody  and  then  with  biotin-conjugated  donkey 
anti-  rabbit  antibody  (Cat  No.  AP132B,  Chemicon,  Temecula,  CA;  1  h,  room  temp.,  overnight 
at  2-8°C)  and  extravidin-peroxidase  (Sigma).  RACK1  staining  was  further  preceded  by 
trypsin  type  II  treatment  (Sigma),  1  pg/ml  with  CaCL  0.001%  for  2  min,  at  room  temp.,  which 
required  the  addition  of  0.001%  soybean  trypsin  inhibitor  (Sigma)  during  staining.  Detection 
was  with  horseradish  peroxidase-conjugated  goat  anti-mouse  antibody  (1:100  dilution, 
Sigma).  Pre-incubation  of  anti-RACKl  with  10  pM  RACK1  for  1  h  at  room  temp  totally 
eliminated  staining  with  anti-RACKl,  demonstrating  specificity.  For  all  antibodies,  staining 
was  intensified  with  0.075%  diaminobenzidine  and  0.05%  nickel  ammonium  sulfate. 

Fluorescence  double  labeling.  RACK!  and  ARP:  Primary  staining  solutions  contained 
0.001%  trypsin  inhibitor  (Sigma  type  IIS),  0.3%  Triton  X100,  0.05%  Tween  20,  2%  normal 
goat  serum,  2%  normal  donkey  serum,  rabbit  anti- ARP  1  (1:100)  and  mouse  anti-RACKl 
(1:100).  The  secondary  antibody  solution  contained  0.3%  Triton  XI 00,  0.05%  Tween  20,  2% 
normal  goat  serum,  2%  normal  donkey  serum,  donkey-anti-rabbit  conjugated  to  fluorescein 
(Chemicon,  AP182F)  diluted  1:100  and  goat-anti-mouse  conjugated  with  tetra-methyl- 
rhodamine  (Sigma,  T7782)  diluted  1:800.  Sections  were  mounted  on  SuperFrost  slides 
(Menzel  Glaser,  Freiburg,  Germany),  air-dried,  covered  in  ImmuMount  (Shandon,  Pittsburgh, 
PA)  and  covered  for  microscopy. 

PKCBII  and  ARP1:  The  primary  staining  solution  contained  0.3%  Triton  XI 00,  0.05%  Tween 
20,  2%  normal  goat  serum,  2%  normal  donkey  serum,  rabbit  anti- ARP  (1:100)  and  mouse- 
anti-PKCpiI  (Sigma,  P8083),  diluted  1 :500.  Secondary  antibody  solutions  and  preparation  for 
microscopy  were  as  specified  above  for  ARP  and  RACK1. 

Confocal  microscopy.  Slices  were  scanned  using  a  Bio-Rad  MRC-1024  scanhead  (Hemel 
Hempsted  Herts., UK)  coupled  to  an  inverted  Zeiss  Axiovert  135M  microscope  with  a  40X  oil 
immersion  objective  (N.A.  1.3).  Excitation  wavelength  was  488nm  (using  10%  of  a  lOOmW 
laser  power).  Fluorescence  emission  was  measured  using  a  580df32  bandpass  interference 
filter  (580  nm  ±  16  nm)  for  detecting  tetra-methyl-rhodamine  and  a  525/40  filter  for  detecting 
fluorescein.  The  confocal  iris  was  set  to  3mm.  Conditions  of  scanning  took  into  consideration 
the  overlap  of  fluorescein  fluorescence  into  the  rhodamine  filter  (as  were  determined  by 
control  experiments).  Images  were  then  further  processed  using  Image  pro  Plus  4.01  program 
(version  4.0,  Media  Cybernetics,  Silver  Spring,  MD). 
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Results 

Two-hybrid  screening  for  protein  partners  of  AChE-R.  The  AChE-R  Readthrough  peptide 
1  (ARP1),  composed  of  the  C-terminal  51 -amino  acids  of  AChE-R  served  as  “bait”  for  the 
Gal4  two-hybrid  system.  AChE-R  is  intensively  expressed  in  the  embryonic  brain  (Soreq  and 
Seidman,  2001).  Therefore,  we  screened  a  two-hybrid  cDNA  library  from  human  fetal  brain 
for  ARP  1  interacting  proteins. 

Fig.  1  presents  the  origin  of  AChE-R,  its  accumulation  in  neurons  and  the  ARP  1  sequence  and 
its  position  in  the  AChE  protein. 
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Fig.  1:  The  ARPl  C-  terminal  domain  of  AChE 

(A)  Alternative  splicing  products  of  the  single  ACHE  gene.  Shown  is  a  schematic  diagram  of 
the  human  ACHE  gene  (E=  exon,  1=  intron,  ORF=  open  reading  frame)  with  its  three  C- 
terminal  alternative  splicing  products:  AChE-S  (S,  for  synaptic),  AChE-E  (E,  for 
erythrocytic),  and  “readthrough”  AChE-R.  (B)  immuohistochemistrv  of  CA1  hippocampal 
neurons  from  AChE-R  transgenics  stained  toward  AChE-R.  Note  the  intensified  intra-neuron 
staining.  (C)  3-D  structure  of  mouse  AChE  (http://www.rcsb.org/pdb/index.html,  accession 
no.  1C2B).  Residues  1-517  are  required  for  acetycholine  hydrolysis,  whereas  the  C-terminal 
51  residues  (ARPl)  are  not.  The  structure  of  the  distal  26  residues  is  not  known.  (D)  The 
ARPl  domain.  Shown  is  the  ARPl  sequence.  The  black  part  is  unique  to  the  AChE-R 
isoform. 


Several  clones  identified  in  this  screen  carried  heterogeneous  fragments  of  RACK1  cDNA 
(Fig.  2A  and  sequence  data  not  shown).  p-galactosidase  (p-gal )  activity  staining,  revealed  for 
the  isolated  ARP1/RACK1  expressing  yeast  cells  up  to  80%  of  the  enzyme  activity  induced 
by  p53  -  T-antigen  interaction,  which  displays  a  dissociation  constant  of  2  x  108  M'1  (Kuhn  et 
al.,  1999).  Lamin  C  interactions  were  negative,  making  false  positive  interaction  unlikely.  All 
of  the  P-gal  inducing  RACK1  clones  included  large  parts  of  the  WD  domains  5  and  6  (out  of 
7  domains  in  the  RACK1  protein),  suggesting  that  the  N-terminal  region  of  the  RACK1 
protein  is  ineffective  in  ARPl-  RACK1  interactions  (Fig.  2A,B).  RACK1  clones  which 
included  WD  domain  5,6  and  7  appeared  less  effective  in  inducing  P-gal  activity  then  clones 
with  domain  5,6  alone  (Fig.  2A),  in  contrast  to  p-integrin  interaction  which  requires  domains 
5-7  (Liliental  and  Chang,  1998).  This  attributed  ARPl  binding  capacity  to  a  71  residues  long 
region  from  WD  domain  5  and  6. 
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Fig.  2:  Two-hybrid  positive 
p-gai  B  RACK1  clones 

A.  Schematic  alignment  of 
RACK1  clones  with  its  consensus 
WD  domains.  Shown  are  scaled 
drawings  of  the  7  WD  domains 
(boxes  numbered  above)  in 
RACK1  (top)  and  the  six  RACK1 
clones  of  human  fetal  brain 
origin,  which  showed  ARP1 
interaction  in  the  two-hybrid 
system.  The  intensity  of  ARP1- 
RACK1  interactions  as  tested  for 
representative  colonies  expressing 
the  different  clones  is  shown  by 
staining  for  (blue  spots)  and 
densitometric  quantification  of  □- 
gal  activity  (columns).  p53  -  T- 
antigen  interaction  in  yeast 
(bottom  spot)  served  as  a  positive 
control,  lamin  C-T  antigen 
(above)  was  used  as  a  negative 
control.  The  regions  in  WD 
domains  5  and  6,  that  were 
common  to  all  clones  are 
underlined.  B.  RACK1  amino 
acid  sequence.  Shown  is  the 
amino  acid  sequence  of  human 
RACK1.  Shaded  in  yellow  (for 
WD  domain  5)  and  gray  (for  WD 
domain  6)  are  the  common  domains,  with  residues  which  fit  the  WD  consensus  marked  in  red 
(Smith  et  al.,  1999).  Repeat  boundaries  (1-7)  are  numbered,  and  the  PKCpil  binding  peptides 

underlined  (red).  C.  Schematic  structure  of  the  G  protein _ (3  subunit 

fhttp://odb. ccdc.cam.ac.uk/ndb/.  accession  no.  1  gt>2').  Highlighted  in  color  are  the  concentric 
antiparalell  4  strands  which  constitute  the  blade  composition  of  WD  proteins.  The  WD 
domains  are  numbered.  Starred  are  the  RACK1  regions  necessary  for  binding  PKCpil.  D. 
ARP1  promotes  AChE-R/RACKl  /PKCpil  triple  complex  formation  in  transfected  COS  cells. 
Top  scheme  shows  the  CMV-based  vector  encoding  pGARP,  a  GFP  fusion  protein  with 
ARP1.  Side  drawing  presents  the  experimental  concept.  1.  Homogenates:  Shown  are 
immunolabeled  RACK1  and  PKCpil  (but  not  ARP1)  in  non-transfected  COS  cell 
homogenates  (-).  When  GARP  transfected  (+),  COS  cells  are  also  positive  for  anti-ARP 
antibodies.  2.  Anti-GFP:  Immunoprecipitation  with  anti-GFP  antibodies  precipitates  and 
PKCpil,  ARP  and  RACK1  in  transfected  but  not  in  non-transfected  COS  cells. 
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RACKl  is  identical  to  the  propeller  part  of  G  protein  |3.  polypeptide  2  like  1  (Genbank 
accession  no.  mAAH00214)  and  homologus  to  other  G  proteins.  These  include  the  G  protein 
P2  subunit,  a  prototypic  member  of  the  WD  domain  family  (Smith  et  al.,  1999)  (RACKl 
sequence  Blast  identity  26%,  similarity  44%;  accession  no.  AAH04186),  suggesting  that 
RACKl  shares  its  structure.  All  of  the  WD  domain  proteins  form  wheel-like  propeller 
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structures,  composed  of  uniconcentric  blades  including  a-helix  strands  and  p-pleated  sheets 
(Smith  et  al.,  1999).  Interestingly,  the  RACK1  domain  which  conferred  binding  to  ARP1  in 
the  two-hybrid  system  covered  large  parts  of  blades  5  and  6,  with  27  out  of  the  71  amino  acid 
residues  in  this  region  compatible  with  the  accepted  WD  consensus  (Fig.  2B).  The  ARP1 
interacting  region  further  included  the  domain  6  peptide  reported  as  one  of  the  binding  sites  of 
PKCpil  to  RACK1  (Rodriguez  et  al.,  1999)  (Fig.  2B).  Another  PKCpil  binding  site,  on  blade 
No.  3,  emerged  as  not  associated  with  ARP1  interaction.  Fig.  2  presents  the  G-protein 
structural  organization  with  the  presumed  PKCpil  binding  sites  of  RACK1  labeled  on  the 
|  corresponding  blades. 

The  AChE  synaptic  variant  C-terminus  also  binds  RACK1.  A  peptide  containing  67 
amino  acids,  40  of  them  unique  to  the  synaptic  variant  of  AChE  served  as  another  bait  for 
screening  of  the  same  human  fetal  brain  library  using  the  same  two-hybrid  system.  Out  of 
250,000  clones  screened  only  one  interacted  with  RACK1.  This  clone  did  not  interact  with 
lamin  C  and  was  stained  blue  by  P-gal  both  serving  as  controls  to  eliminate  false  positives. 
Since  AChE-R  is  the  variant  which  is  the  variable  involved  in  stress  responses  we  continued 
our  research  checking  mainly  this  isoform  and  its  interactions  with  RACK1.  Although  the 
binding  of  AChE  to  RACK1  is  probably  in  an  area  commonto  the  C-terminus  of  the  synaptic 
and  readthrough  variants. 

ARP1  promotes  triple  complex  formation  with  RACK1  and  PKCpil.  To  test  whether 
ARP1,  further  promotes  triple  complex  formation  with  PKCpil  and  RACK1  in  mammalian 
cells,  we  used  pGARP.  This  vector  encodes  a  fusion  protein  of  green  fluorescent  protein 
(GFP)  with  ARP1  under  the  CMV  promoter  (Fig.  2D).  When  transfected  into  COS  cells, 
which  do  not  express  AChE,  anti-ARP  antibodies  immunodetected  GARP  expression  in  cell 
homogenates.  Anti-GFP  antibodies  were  ineffective  in  non-transfected  cells  but 
immunoprecipitated  GARP,  RACK1  and  PKCpil  from  homogenates  of  GARP  —  transfected 
COS  cells  (Fig.  2D). 

Overlay  demonstration  of  RACK1  binding  to  hAChE-R.  To  test  for  RACK1  interaction 
with  the  full  AChE-R  protein,  we  combined  an  in  vitro  overlay  assay  with  protein  blot 
analysis.  A  fusion  between  maltose-binding  protein  (MBP)  and  RACK1,  expressed  in  E.  coli, 
was  purified  by  affinity  chromatography  to  maltose.  RACK1  was  released  from  the  fusion 
protein  by  site-specific  factor  Xa  protease,  separated  by  PAGE  and  transferred  onto  a 
nitrocellulose  membrane  (Fig  3A).  Anti-RACKl  antibodies  labeled  the  fusion  protein, 
proteolytically-released  RACK1  and  fragments  thereof,  but  not  MBP  (Fig  3B).  Parallel 
membranes  were  overlaid  with  a  homogenate  obtained  from  rat  pheochromocytoma  PC  12 
cells  transfected  with  a  plasmid  encoding  AChE-R  (Seidman  et  al.,  1995).  Antibodies  to  the 
N-terminus  of  human  AChE  detected  in  the  overlaid  membrane  specific  binding  of  AChE  to 
the  intact  RACK1  protein  but  not  to  its  degradation  products  or  to  MBP  (Fig.  3C).  Non- 
overlaid  membrane  remained  unlabeled  when  incubated  with  these  antibodies,  demonstrating 
AChE-R  dependence  (Fig.  3D). 
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Fig.  3:  From  overlay  ACHE- 
R/RACK1  interactions  to 
immunoprecipitated  AChE- 

R/RACK1/  PKCpil  complexes 

A-D:  Shown  are  membrane  protein 
blots  subjected  to  various  labeling 
Mw,  Kd  experiments.  (A)  Ponceau  S  staining 
of  purified  RACKI  fused  to  bacterial 
maltose  binding  protein  (MBP- 
RACK1,-)  or  the  36  kDa  RACKI 
protein  released  by  factor  Xa 
proteolysis  (+).  Maltose  binding 
protein  (MBP)  served  as  an  internal 
control.  (B)  Horseradish  peroxidase 
(HRP)  immunolabeled  RACKI  and  its 
MBP  complex  and  degradation 
products.  Anti-RACKl  labeling  either 
in  fusion  with  MBP  or  alone,  but  not 
with  MBP  itself,  demonstrated  binding 
specificity.  (C)  RACKI -AChE-R 
complexes  labeled  by  overlay  with  a 
PC  12  cell  homogenate  overproducing 
recombinant  AChE-R,  followed  by 
development  with  antibody  to  AChE 
N-terminus.  (D)  AChE  N-ter  antibody 
in  membranes  that  were  not  overlaid  previously  with  AChE-R 
homogenate  (negative  control).  fEl  RACKI  and  PKC(3II  co- 
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imunoprecipitate  with  anti-AChE  antibodies.  Drawing  shows  the  experimental  concept.  1. 
Homogenates  (Horn):  Shown  are  immunodetected  PKCpil  and  RACKI  in  homogenates  of 
COS  cells,  which  do  not  express  AChE,  and  PKCpil,  RACKI  and  AChE  in  PCI 2  cell 
homogenates.  2.  Anti-AChE  N  ter:  Dissolved  immunoprecipitation  complexes  created  with 
antibodies  to  the  N-terminus  of  AChE  display  no  signals  in  COS  cells,  but  are  positive  for  all 
3  partner  proteins  in  PC  12  cells,  demonstrating  AChE  requirement  for  the  creation  of  these 
complexes. 


AChE-R  promotes  in  native  PC12  cells  triple  complexes  with  RACKI  and  PKCpil.  Both 
COS  and  PC  12  cells  express  RACKI  and  PKCpil  in  their  native  state,  whereas  only  PC  12 
express  AChE-R,  as  observed  in  immunoblots  of  the  soluble  fraction  of  cell  homogenates 
(Fig.  3E1).  Antibodies  targeted  to  the  N-terminal  domain  of  AChE  co-immunoprecipitated 
both  PKCpil  and  RACKI  in  PC  12  but  not  COS  cells,  supporting  the  notion  of  tight  linkage 
for  AChE-R/RACK  1  /  PKCpil  in  these  PC12  cell  complexes  (Fig.  3E2). 


Stress  induces  neuronal  co-accumulation  of  immunoreactive  AChE-R  and  RACKI.  The 

in  vivo  relevance  of  AChE-R/RACK  1  interactions,  was  explored  in  normal  and  post-stress 
mouse  brain.  Immunoreactive  RACKI  was  observed  in  the  cytoplasm  and  closely  proximal 
processes  of  pyramidal  neurons,  in  layers  3  and  5  of  the  frontal  and  parietal  cortex,  in  both 
superficial  and  deep  layers  of  the  piriform  cortex,  and  in  regions  CA1-3  of  the  hippocampus. 
A  subset  of  these  neurons  also  over-expresses  AChE-R  under  acute  psychological  stress  (Fig. 
4  and  data  not  shown).  Stress-induced  increase  of  RACKI  was  seen  in  parietal  cortex  layer  5 
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(compare  Fig  4,  3  to  5  and  7  to  9).  Unlike  RACK1,  AChE-R  antibodies  also  stained  cells  with 
glial  morphology.  Also,  in  some  regions,  such  as  hippocampal  CA1,  RACK1  staining  formed 
an  almost  continuous  pattern,  whereas  AChE-R  was  localized  to  a  subset  of  the  pyramidal 
neurons.  For  both  AChE-R  and  RACK1,  uneven  perikarial  accumulation  and  increased 
neurite  labeling  were  observed  under  stress  (Fig.  4). 


A. 


B. 


RACK1 


AChE-R 


Fig.  4.  RACK1  and  AChE-R  co¬ 
overexpression  in  parietal  cortex  and 
CA1  neurons  under  stress 

Shown  are  parietal  cortex  sections  stained 
with  cresyl  violet  (1,2,  top)  or  with  anti- 
RACK1  (left)  or  anti-  AChE-R  antibodies 
(right)(3-10).  Note  uneven  labeling 
patterns  of  both  proteins  in  the  cytoplasm 
and  proximal  processes  of  individual 
pyramidal  neurons  in  the  parietal  cortex 
and  hippocampus  CA1  (insets).  Note 
RACK1  and  AChE-R  expression  increases 
in  layers  5  (arrows)  of  the  parietal  cortex 
under  stress. 


Transgenic  AChE-R  overexpression  elevates  brain  RACK1  levels  and  intensifies  the 
formation  of  neuronal  PKCpII  clusters.  To  test  if  AChE-R  overproduction  modulates  the 
levels,  properties  and/or  neuronal  localization  of  its  RACK1  and  PKCpil  partner  proteins,  we 
tested  hippocampal  homogenates  from  AChE-R  overexpressing  transgenics  (Stemfeld  et  al., 
2000).  These  displayed  significant  increases  over  control  FVB/N  levels  of  neuronal  AChE-R 
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and  RACK1,  as  well  as  a  faster  migrating  PKCpil  band  that  was  only  faintly  detected  in  a 
control  hippocampus  (Fig.  5A). 


Control 


A. 


PKCpil 


AChE-R 


RACK1 


B. 


c. 


Fig.  5.  Transgenic  AChE-R 

-  97 

overexpression  intensifies 

neuronal  RACK1  and  PKCpil 

-66 

labeling  in  hippocampal  CA1 

-30 

neurons. 

A.  Immunoblot  analysis.  Shown  are 

immunoblot  signals  for  PKCpil, 

AChE-R  and  RACK1  following  gel 
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electrophoresis  of  clear 
hippocampal  homogenates  from  2 
FVB/N  controls  and  2  sex  and  age- 
matched  AChE-R  transgenic  mice 
(Tg).  Note  the  intensified  staining  in 
transgenics  and  the  fast  migrating 
additional  PKCpil  band,  which 
could  not  be  detected  in  controls. 
Representative  results  from  5 
reproducible  experiments.  B-D. 
Partial  overlaps  in  neuronal  AChE- 
R  accumulation  and  PKCpil 
distributions.  Shown  are  selected 
brain  sections  (posterior  to  Bregma 
0.0-0.2  mm,  1.5-1. 7  mm  and  2.9- 
3.1mm  respectively)  and  the 
corresponding  subregions  where 
AChE-R  accumulation  (triangles)  or 
PKCpil  co-labeling  in  AChE-R 
accumulating  neurons  (circles)  were 
detected.  Staining  intensity  was  low 
(green,+),  medium  (yellow, ++)  or 
high  (red,+++).  The  corresponding 
subregions  are  numbered  as  follows: 
1,  Cortex  upper  layers;  2,  Cortex 
lower  layers;  3,  striatum;  4,  lateral 
septum;  5,  piriform  cortex;  6, 


hippocampus  CA1;  7,  hippocampus  CA3;  8,  hippocampus  dentate  gyrus;  9,  basolateral 
amygdala;  10,  central  amygdala;  11,  lateral  hypothalamus;  12,  ventromedial  hypothalamus; 
13,  ventral  lateral  thalamus;  14,  Edinger-Westphal  nucleus;  15,  Red  nucleus;  16,  Pre-tectal 
area.  E.  Hippocampal  immuohistochemistrv.  Shown  are  parallel  CA1  regions  from 
representative  control  and  AChE-R  transgenics  stained  with  antibodies  toward  PKCpil, 
AChE-R  or  RACK1 .  Note  the  intensified  non-homogeneous  staining  of  hippocampal  neurons 
in  the  brain  of  transgenics  for  both  AChE-R  and  RACK1,  the  relatively  high  background 
staining  of  PKCpil  and  the  microglia  (arrows)  positive  for  AChE-R. 


Of  the  three  target  proteins,  RACK1  and  AChE-R  appeared  more  widely  distributed  and 
could  be  detected  in  numerous  brain  regions  (Fig.  5B  and  data  not  shown).  In  the  brain  of 
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AChE-R  transgenics  AChE-R  overexpression  was  particularly  conspicuous  in  neuron  groups 
expressing  punctiform  PKCpil  staining  (Fig.  5B-D).  PKCpil  labeling,  in  contrast,  appeared 
higher  than  control  levels  in  only  part  of  the  AChE-R  overexpressing  subregions.  Finally, 
RACK1  staining  was  intensified  in  the  AChE-R  expressing  hippocampal  CA1  and  dentate 
gyrus  neurons,  and  less  prominently  also  in  the  parietal  cortex.  This  suggested  facilitation  by 
AChE-R/RACKl  /PKCpil  interactions  of  the  intracellular  retention  of  the  secretory  AChE-R 
protein. 

Diverse  subcellular  distributions  of  PKCpil.  In  control  mice,  PKCpil  antibodies  displayed 
diffuse  staining  (Weeber  et  al,  2000)  in  sub-regions  of  layers  5,6  in  the  cortex,  in  the  stratum 
oriens  and  stratum  radiatum  layers  of  the  hippocampus  CA1  field,  in  the  striatum  ma  trix,  and 
in  the  substantia  nigra  pars  reticulata.  Axonal  bundles  including  the  nigro-striatal  tract  were 
also  labeled  (data  not  shown).  Another,  novel  staining  pattern  consisted  of  dense  PKCpil 
clusters  in  neuronal  perikaria  and  in  the  axonal  stems.  This  punctiform  pattern  appeared  in 
upper  layers  of  the  parietal,  temporal  and  piriform  cortex,  dorsal  striatum,  basolateral 
amygdala,  hippocampal  CA1  and  lateral  septum.  In  general,  cells  in  AChE-R  transgenic  mice 
that  displayed  prominent  AChE-R  labeling  were  positive  for  RACK1  and  presented  PKCpil 
punctiform  staining  (Fig.  5,B-E).  AChE-R  labeling  in  cells  which  in  control  mice  included 
AChE-R  and  RACK1  but  PKCpil  punctation  did  not  intensify  in  AChE-R  transgenics.  These 
include  neurons  in  the  globus  pallidus,  substantia  nigra,  superior  culliculus,  medial  septum 
and  diagonal  band  (Fig.  5B-E  and  data  not  shown).  Yet  other  neurons  were  AChE-R-filled  in 
control  and  yet  more  so  in  AChE-R  transgenics  but  had  no  PKCpil  punctiform  staining. 
These  resided  in  the  lateral  and  ventro-medial  hypothalamus,  central  nucleus  of  the  amygdala, 
the  hippocampal  dentate  gyrus,  ventro-lateral  thalamus,  and  Edinger-Westphal  nucleus  (Fig. 
5C,  D).  As  Weeber  et  al  (2000)  did  not  mention  the  punctated  staining  pattern  in  C57B6J 
mice,  we  re-tested  that  strain.  In  our  hands,  a  weaker  but  discernible  punctiform  signal  was 
also  observed  in  C57B6J  mice  in  the  same  cell  populations  as  in  the  stress-prone  FVB/N 
strain,  our  controls  (data  not  shown). 

Inter-related  AChE-R/RACKl/PKCpil  distributions.  In  AChE-R  transgenics,  anti- 
PKCpiI  antibodies  detected  basically  similar  diffuse  and  axonal  staining  patterns  to  those 
observed  in  the  parental  FVB/N  strain.  However,  the  punctated  pattern  was  altered. 
Intensified,  denser  clusters  of  PKCpil  were  located  on  the  perikaryal  circumference  of  a 
larger  fraction  of  hippocampal  CA1  neurons  (Fig.  5E2).  Transgenic  mice  overexpressing  the 
major  synaptic  isoform  of  AChE  (Beeri  et  al.,  1995)  did  not  show  such  changes  in  PKCpil, 
suggesting  that  this  in  vivo  effect  depended  on  chronic  AChE-R  excess  and/or  that  it  was 
prevented  by  AChE-S  excess  (data  not  shown).  AChE-R  labeling  in  the  transgenic  brain  was 
prominent  in  the  cell  bodies  and  proximal  processes  of  many,  but  not  all  CA1  hippocampal 
neurons,  suggesting  that  a  specific  subset  of  these  neurons  was  especially  amenable  for  such 
accumulation  (Fig.  5E3,4).  Sparse  cells  with  morphology  reminiscent  of  microglia  were  also 
positive  for  AChE-R  staining,  both  in  controls  and  transgenics  (Fig.  5E5,  6).  Intensified 
labeling  of  perikaria  and  closely  proximal  neurites  of  CA1  pyramidal  neurons  was  also 
observed  by  staining  with  RACK1  antibodies  (Fig.  5E3,  4). 

Overlapping  subcellular  distributions  of  AChE-R,  RACK1  and  PKCpil.  Confocal 
micrographs  of  upper  layer  neurons  from  the  parieto-temporal  cortex  were  double  labeled 
with  antibodies  toward  AChE-R  and  RACK1  or  PKCpil.  Compound  field  projections 
displayed  distinct  yet  overlapping  distributions  for  the  three  partner  proteins  within  neuronal 
perikarya.  As  expected,  AChE-R  labeling  was  conspicuously  more  intense  in  AChE-R 
transgenics  than  in  FVB/N  controls  (compare  Fig.  6B1  to  4  and  C7  to  10).  This 
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overexpression  and  the  associated  overlapping  increases  in  the  two  partner  proteins  were 
reflected  in  different  colors  (Fig.  6B  and  C). 


Fig.  6.  Double-labeling  highlights  the 
AChE-R  modulation  of  AChE- 
R/RACK1/  PKCpil  complexes. 

Shown  are  merged  confocal  micrographs 
from  individual  upper  layer  parietal 
cortex  neurons  of  FVB/N  and  AChE-R 
overexpressing  transgenic  mice,  co- 
immunolabeled  with  AChE-R/RACKl 
(A)  or  AChE-R/PKCpII  (B).  Staining  was 
with  antibodies  to  AChE-R  (green)  and 
RACK1  or  PKCpil  (red);  merged 
micrographs  show  yellow  signals  for 
overlap  staining,  with  orange  regions 
reflecting  high  partner  levels.  Note  the 
uneven,  distinct  distributions  of  the 
analyzed  antigens  in  cortical  neurons, 
with  AChE-R  labeling  demonstrating 
perikaryal  circumference  distribution, 
RACK1  more  mobilized  toward  the 
perikaryal  circumference  identified  in  top 
sections  (No.  B5)  and  PKCpil 
highlighted  in  dense  clusters  co-localized 
with  both  RACK1  and  AChE-R  (No. 
Cll). 


Proteins  destined  to  be  secreted  are  initially  concentrated  near  the  nucleus,  where  their 
processing  takes  place,  whereas  proteins  that  are  associated  with  the  perikaryal  cytoskeleton, 
plasma  membrane  and/or  proximal  process  structures  are  distributed  more  peripherally.  In 
cortical  neurons  from  control  mice,  both  AChE-R  and  RACK1  immunostaining  formed  peri¬ 
nuclear  accumulations  (compare  Fig.  6,  B1  to  3).  In  contrast,  RACK1  concentrations  in 
AChE-R  transgenics  were  especially  high  around  the  perikaryal  circumference  (compare  Fig. 
6,  B5  to  B2),  suggesting  subcellular  translocation  under  AChE-R  excess.  PKCpil  clusters, 
too,  were  removed  from  the  peri-nuclear  domain  in  the  control  mice  (Fig.  6,  C8)  to  uneven 
distribution  in  larger  cellular  spaces  in  transgenics  (Fig.  6,  Cl  1).  In  control  mice,  PKCpil 
patterns  differed  from  both  those  of  AChE-R  and  RACK1  in  that  they  demonstrated  both 
diffuse  staining  and  punctated  clusters  of  protein  complexes,  compatible  with  the  parallel  light 
microscopy  patterns.  Constitutive  AChE-R  overexpression  further  enlarged  the  perikaryal 
space  occupied  by  AChE-R,  RACK1  and  PKCpil  and  apparently  increased  the  intracellular 
density  of  their  complexes. 
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Discussion 

Using  the  non-biased  yeast  2-hybrid  screening  approach,  we  found  two  potential  links 
explaining  the  function  of  intraneuronal  AChE-R.  Tight,  co-immunoprecipitable  and  naturally 
co-localized  complexes  of  AChE-R  appeared  to  connect  the  C-terminal  domain  ARP1  with 
PKCpil  and  its  intracellular  shuttling  protein  RACK1  and  activate  PKC.  Intensified  labeling 
and  neuronal  mobilization  of  both  RACK1  and  PKCpil  was  observed  in  the  stress-protected 
transgenic  mice  constitutively  overexpressing  AChE-R.  Transgenic  AChE-R  overexpression 
translocated  RACK1  to  the  perikaryal  circumference  and  intensified  PKCpil  clustering  in 
pyramidal  neurons,  and  activated  PKC  suggesting  functional  relevance  for  AChE-R 
overexpression  in  the  stress-suppressing  cascades  of  neuronal  signal  transduction. 

Structural  Considerations.  The  variety  of  RACK1  clones  that  were  identified  and  their 
capacity  to  induce  intense  P-gal  staining  in  the  yeast  cell  context  strengthen  the  notion  that 
AChE-R/RACKl  interactions  are  both  common  and  tight  in  the  embryonic  brain  from  which 
the  screened  library  originated.  The  cell  biology  tests  point  at  neuronal  accumulation  and/or 
subcellular  mobilization  as  the  outcome  of  these  interactions  under  in  vivo  stress  or  transgenic 
overexpression.  That  the  RACK1  region  which  was  found  to  be  essential  for  AChE-R 
interaction  consists  of  two  antiparallel  four  strand  “blades”  which  together  cover  ca.  30%  of 
the  of  the  RACK1  perimeter.  The  large  number  of  conserved  WD  domain  residues  in  this  part 
of  RACK1  may  highlight  the  requirement  for  correct  blade  folding  as  essential  for  ARP1 
interactions.  The  AChE-R-induced  changes  in  the  intensity  of  RACKl/PKCpil  interactions, 
which  are  implicated  from  our  study,  may  also  be  physiologically  relevant. 

The  RACK1  scaffold  protein  performs  multiple  shuttling  functions.  WD  proteins  can 
simultaneously  bind  different  partners  to  various  regions  in  their  multi-blade  rings  (Smith  et 
al.,  1999),  which  provides  flexibility  and  combinatorial  diversity.  Thus,  RACK1  is  a  scaffold 
for  cell-cell  interaction  proteins  such  as  p-integrin  (Liliental  and  Chang,  1998),  members  of 
signaling  cascades  like  cAMP  phosphodiesterase  (Yarwood  et  al.,  1999),  C2-containing 
proteins  such  as  phospholipase  C-yl  (Disatnik  et  al.,  1994),  src  kinase  (Chang  et  al.,  1998) 
and  PH  domain-containing  proteins  such  as  the  P-adrenergic  receptor  (Rodriguez  et  al.,  1999). 
Interaction  between  RACK1  and  AChE-R  would  likely  compete  with  other  associations, 
changing  the  subcellular  balance  between  these  variable  complexes.  Alternatively,  or  in 
addition,  AChE-R/RACKl  interactions  may  promote  the  formation  of  additional  triple 
complexes  with  other  proteins.  Diverse  links  between  AChE  and  other  signaling  molecules 
may,  in  turn,  explain  its  capacity  to  exert  various  non-catalytic  intracellular  functions,  a 
possibility  which  awaits  further  investigation. 

PKC  activation.  Several  RACK1  reports  have  addressed  the  effect  of  PKC-RACK 
interactions  on  PKC  activity.  Addition  of  RACK1  to  PKC  in  the  presence  of  PKC  activators 
did  not  significantly  change  PKC  activity  (Chang  et  al.,  1998), yet  PKC  activators  induced 
RACK1  interaction  with  PKC,  Src  (Chang  et  al.,  2001)  and  integrin  pi  (Liliental  and  Chang, 
1 998),  presumably  by  inducing  a  conformational  change  in  RACK1  which  exposes  it  to  the 
binding  of  other  proteins.  PKC  activation  is  also  known  to  induce  the  MAPK  pathway 
associated  with  stress  responses  (Gil  et  al.,  2000;  Kaneki  et  al.,  1999).  Our  current  findings 
demonstrate  elevated  PKC  activity  under  increased  RACK  and  AChE  concentrations  in  vitro, 
in  the  absence  of  PKC  activators,  and  in  brain  homogenates  of  AChE-R  transgenics,  The 
order  of  the  events  inducing  the  conformational  change  and  the  relevance  to  the  MAPK 
pathway  will  have  to  be  further  investigated. 
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AChE-R  as  a  multidomain  responder  to  diverse  external  stimuli.  In  addition  to  its  primary 
function  of  acetylcholine  hydrolysis,  AChE  was  shown  to  initiate  adhesive  cell-cell 
interactions  through  its  core  domain  and  promote  mammalian  neurite  extension  in  a  manner 
similar  to  that  of  its  non-enzyme  membrane  protein  homolog  neuroligin  (reviewed  by  Soreq 
and  Seidman,  2001).  Nevertheless,  the  neuritogenic  activities  of  distinct  AChE  variants 
appeared  to  depend  on  their  unique  C-termini,  which  todate  were  not  found  to  share  sequence 
homologies  with  other  proteins.  In  hematopoietic  cells,  the  26  C-terminal  residues  of  the 
stress-induced  AChE-R  protein  exert  proliferative  and  growth  factor  activities  (Grisaru  et  al., 
2001);  however,  it  is  not  yet  known  whether  these  activities  depend  on  extra-or  intracellular 
interactions.  Also,  neither  the  molecular  mechanism(s)  nor  the  nervous  system  relevance  of 
such  activities  were  yet  explored.  Our  current  findings  reveal  that  at  least  part  of  the  C- 
terminus  specific  non-catalytic  effects  of  AChE-R,  are  intracellular  and  PKC|3II-mediated. 

AChE-R  interaction  with  PKCpil  is  indirect,  mediated  by  the  PKCpil  shuttling  protein 

RACK1;  this  offers  several  functional  advantages.  Thus,  PKCpil  and  RACK1  are  readily 
available  in  neurons,  albeit  in  inactive  and  possibly,  non-associated  or,  loosely  attached 
compositions.  We  now  find  that  stress  responses  and  the  subsequent  accumulation  of  AChE-R 
(Kaufer  et  al.,  1998)  facilitate  the  formation  of  triple,  tightly  bound  AChE-R/RACKl/ 
PKCpil  complexes.  These  are  mobilized  from  their  resting  state  intracellular  location, 
translocating  RACK1  to  the  perikaryal  circumference  and  PKCpil  into  densely  packed 
clusters.  Modified  properties  and  location  of  PKCpil  in  stress-responding  neurons  may 
possibly  change  the  stress-induced  kinase  activation,  phosphodiesterase  mobilization,  or  other 
processes. 

Punctiform  PKCpil  labeling  joins  AChE-R  and  RACK1  in  neural  circuits  suppressing 

stress  responses.  The  presence  of  PKCpil  in  the  deep  cortical  layers  and  in  the  stratum  oriens 
and  stratum  radiatum  of  CA1  in  hippocampus,  may  reflect  signal  transmission  across 
synapses  between  axons  coming  from  outside  the  region.  Staining  in  axon  bundles  such  as  the 
nigro-striatal  tract  may  indicate  that  PKCpil  is  distributed  along  the  entire  axon  of  some 
neurons.  Finally,  the  currently  observed  perikaryal  punctiform  pattern,  is  compatible  both 
with  RACK1  interactions  and  with  different  functions,  as  considered  below. 

Transgenic  AChE-R  -filled  neurons  with  both  punctiform  PKCpil  and  RACK1  labeling  are 
mostly  relevant  to  stress-response  inhibitory  pathways  (Herman  and  Cullinan,  1997).  These 
were  located  in  cortical  upper  layers,  the  hippocampal  CA1  region,  the  lateral  septum  and  the 
basolateral  amygdala.  PKC(3II  punctiform  patterns  also  appeared  in  a  subset  of  basolateral 
amygdala  neurons,  which  are  generally  considered  excitatory  to  psychological  stress. 
However,  the  existence  in  this  region  of  stress-inhibitory  neurons,  has  been  discussed  with 
regards  to  the  regulation  of  fearful  behavior  (Davis  et  al.,  1994).  These  neurons  persumably 
suppress  other  basolateral  amygdala  neurons  that  are  stress-excitatory,  consistent  with  the 
limited  stress-related  neuropathology  hallmarks  in  the  brain  of  AChE-R  transgenic  mice 
(Stemfeld  et  al.,  2000).  The  neuronal  location  of  AChE-R/RACKl /PKC (311  complexes  further 
suggests  relevance  to  the  PKC-activated  down  regulation  of  transient  K+  channels  in  dendrites 
of  hippocampal  CA1  pyramidal  neurons  (Hoffman  and  Johnston,  1998).  Such  downregulation 
may  contribute  to  the  reduced  stress  overload  of  AChE-R  overexpressing  mice. 

PKCpil  association  with  stress  responses.  In  general,  PKC  is  mainly  referred  to  as  a 
morphologically  active  kinase.  However,  PKCpil  has  been  shown  to  be  associated  with 
oxidative  (Paola  et  al.,  2000)  and  ischemic  stresses  (Cardell  and  Wieloch,  1993)  and  essential 
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for  fear  conditioning  (Weeber  et  al. ,  2000).  Intriguingly,  genomic  disruption  of  the 
glucocorticoid  receptor,  which  upregulates  AChE-R  production  (Grisaru  et  al.,  2001) 
abolished  anxiety  responses  (Tronche  et  al.,  1999).  Our  current  findings  therefore  propose  a 
chain  of  events  that  may  assist  in  overcoming  traumatic  stress  responses.  This  cascade 
initiates  with  glucocorticoid  hormone  release,  proceeds  with  transcriptional  activation  and 
alternative  splicing  to  elevate  AChE-R  levels  and  results  in  RACK1  and  PKCpil 
mobilization.  AChE-R  thus  emerges  as  a  modulator  and  PKCpil  -  an  initiator  of  long-term 
morphological  responses  to  stress.  Relevant  processes  include  the  reported  PKC-induced 
inhibition  of  presynaptic  metabotropic  glutamate  receptors  (Macek  et  al.,  1998),  coupling  to 
the  cAMP  response  element  binding  protein  in  CA1  neurons  (Roberson  et  al.,  1999)  and  the 
PKC -regulated  release  of  vesicle  pools  (Stevens  and  Sullivan,  1998).  The  increase  in  neuronal 
PKCpil  in  AChE-R  transgenic  mice  further  proposes  that  when  such  changes  become 
permanent  they  can  confer  stress  protection,  whereas  the  PKCpil  disruption  study  indicates 
that  chronic  impairments  in  this  cascade  may  be  detrimental.  Nevertheless,  excessive  AChE-R 
production  may  also  be  detrimental,  at  least  for  recovery  from  closed  head  injury  (Shohami  et 
al.,  2000). 

Based  on  the  above  arguments,  AChE-R  and/or  PKCpil  levels  should  be  tested  in  patients 
with  post-traumatic  stress  disorder  (McEwen,  1999),  post-stroke  phenomena  and  inherited 
susceptibility  to  processes  in  which  PKCpil  plays  a  major  role,  e.g.  panic  attacks  (Gorman  et 
al.,  2000),  where  fear  conditioning  is  intimately  involved.  Likewise,  the  dissociation  between 
RACK1  and  PKCpil  under  ethanol  exposure  (Ron  et  al.,  2000)  may  be  relevant  to  the  stress¬ 
suppressing  effect  of  alcohol.  In  addition,  this  study  calls  for  testing  PKCpil  levels  and 
subcellular  localization  in  patients  hypersensitive  to  anticholinesterases  (e.g  Alzheimer's 
disease  drugs)  which  also  induce  AChE-R  overproduction  (Kaufer  et  al.,  1998;  Shapira  et  al., 
2000). 

Downstream  mechanistic  considerations.  Triple  AChE-R/RACKl/PKCpII  complexes  are 
likely  involved  with  the  neuronal  redistribution  of  PKCpil  in  brain  development  (Gallicano  et 
al.,  1997),  aging  (Battaini  et  al.,  1999)  and  neurodegeneration  (McNamara  et  al.,  1999),  all  of 
which  involve  considerable  modulations  in  AChE-R  levels.  AChE-R  is  further  expressed  in 
other  RACK  1 /PKCpil  producing  tissues,  including  epithelial,  muscle,  hematopoietic,  and 
germ  cells  (Soreq  and  Seidman,  2001)  where  its  capacity  to  induce  PKCpil  -  mediated 
changes  should  be  examined. 

Combinatorial  aspects  of  stress-induced  proteins.  The  signaling  cascades  involving  AChE- 
R/RACK 1  /PKCpil  complexes  may  well  be  just  one  thread  in  a  complex  network  of  many 
pathways  attenuating  stress  responses.  Transgenic  overexpression  of  AChE-R  could,  a  priori, 
be  expected  to  be  seen  in  all  cells;  however,  in  practice  transgenic  AChE-R  accumulation  is 
limited  to  certain  specific  neurons.  This  may  reflect  different  transcription  factor 
combinations  in  specific  neuronal  subsets.  Additionally,  or  alternatively  AChE-R-filled 
neurons  in  transgenic  mice,  may  belong  to  specific  neural  circuitries  in  which  part  of  the 
intracellular  signal  transduction  requires  PKCpil  participation.  That  AChE-R  -filled  neurons 
also  appeared  in  cell  populations  devoid  of  PKCpil  punctiform  staining,  suggests  that  AChE- 
R  is  involved,  in  addition,  in  physiological  mechanisms  other  than  those  that  engage  PKCpil. 
Finally,  those  neurons  in  transgenic  mice  which  are  not  AChE-R  -enriched  may  likewise  be 
part  of  physiological  mechanisms  which  do  not  engage  PKCpil  activities. 
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It  is  noteworthy  that  each  of  the  components  in  the  triple  AChE-R/RACKl/PKCpiI 
complexes  represents  one  out  of  several  options.  Thus,  other  PKC  isoforms  most  likely 
interact  with  different  shuttling  proteins,  with  distinct  and  different  effects  on  the  complex 
physiological  phenomena  that  follow  traumatic  experiences.  Likewise,  RACK1  operates  as  a 
shuttling  vector  to  many  other  proteins,  and  at  least  part  of  these  interactions  (e.g. 
phosphodiesterase)  are  likely  to  compete  with  the  currently  described  one  and  ameliorate  its 
consequences.  Finally,  the  AChE-R  protein  is  one  out  of  three  diverse  AChE  isoforms,  each 
with  its  own  C-terminal  peptide  and  possibly  different  interactions.  Further  screening  efforts 
should  shed  more  light  on  the  potential  partners  of  other  AChE  variants,  as  well  as  on  AChE- 
R  interacting  proteins  in  other  tissues  and  developmental  phases. 
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Conditionally  transgenic  mice — Preliminary  findings  (task  7) 

A.  Inducible  antisense  and  ribozyme  suppression  of  acetylcholinesterase  gene  expression 
in  transfected  cells 

The  function  of  acetylcholinesterase  (AChE)  in  terminating  cholinergic  neurotransmission  is 
well  recognized.  However,  this  enzyme  has  gained  new  importance  since  it  has  been  found  to 
be  involved  in  other  processes,  such  as  cell  motility,  division,  development,  growth,  and  stress 
responses.  These  attribute  to  the  AChE  protein  non-catalytic  morphogenic  activities  that  may 
be  deleterious  to  the  nervous  system  and  peripheral  organs  and  suggest  that  interference  with 
its  accumulation  may  be  therapeutically  beneficial.  Moreover,  modulation  of  the  cellular  level 
of  this  protein  would  be  instrumental  for  elucidating  the  mechanisms  of  its  complex  function. 
In  particular,  the  role  of  AChE  in  late-onset  neurodegeneration  of  cholinergic  neurons  is  of 
utmost  importance.  To  establish  conditional  down-regulation  of  the  ACHE  gene,  we  use 
tetracycline  controlled  expression  of  antisense/ribozyme  constructs  targeted  to  the  domain  on 
AChE  mRNA  that  we  have  found  to  be  especially  vulnerable  to  ribozyme  degradation  (Birikh 
et  al.,  1997;  Grifman  et  al.,  1998).  Ribozyme  and  antisense  expressing  constructs  were  first 
demonstrated  to  suppress  human  AChE  in  vitro  and  in  CHO  tet-off  cells  as  well  as  to  prevent 
the  accumulation  of  endogenous  rat  AChE  in  PC  12  tet-on  cells  treated  with  nerve  growth 
factor. 


Erythrocyte  variant  (E5)  Synaptic  variant  (E6) 


i  -  translation  termination  codon 

0^  -  target  site  for  ribozyme 
vypJ  and  antisense 


Fig.  1.  The  experimental  concept. 

We  are  developing  an  inducible  gene 
expression  protocol  for  controlled 
delivery  of  antisense  RNA  targeted 
against  AChE  mRNA  in  cells  and 
tissues.  The  strategy  takes  advantage  of 
the  tetracycline  (tet)  resistance  operon 
of  E.  coli.  In  its  earliest  form,  the  tet 
repressor  (rT)  was  placed  under  control 
of  a  constitutive  basal  promoter  to 
generate  the  tet-controlled 
transactivator  protein  (rTA;  Furth  et 
al.,  1994).  When  co-transfected  with  a 
plasmid  containing  the  ribozyme  (RZ) 
coding  sequence  under  control  of  the 
tet  operator  and  a  CMV  promoter 
element  (PhCMV*-l),  constitutive 
expression  of  the  gene  is  subject  to 
repression  by  exogenous  tetracycline  in 
a  dose-dependent  manner.  A  notable 
improvement  of  this  "tet-off'  strategy 
includes  the  "reverse"  rTA  (rtTA),  the 
activation  of  which  depends  upon  the 
presence  of  tetracycline  ("tet-on"),  not 
its  absence.  To  construct  the  relevant 
vectors,  we  introduced  into 


commericial  pTRE  plasmids  (Clontech)  the  AS-ACHE  and  RZ-ACHE  sequences. 
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Fig.  2.  Alignment  of  human  and  rat  AChE  mRNA  containing  target  sites  for  ribozyme 
and  antisense  sequences. 

hAChE  1858  cccaaattgctcagcgccaccgacacgctcgacgaggcggagcgccagtggaaggccgag  1917 

iiiiiiiiiiiiiiiiiiiiiii  ii  ii  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 M 1 1 1 1 1 1 ii i 

rAChE  1702  cecaaattgctcagcgccaccgatactctggacqaggcggagcqcgagtgga»ggccq^g  1761 
568  PKLLSATDTLDEAERQWKAE 


ribozymel934 

mAChE  1918 


1977 


I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  II  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  II  I  I  I  I  I  I  I  I  I  I  I  I  I  I 

rAChE  1762  ttccaccqctqqaqctcctacatqqtqcactqqaaqaaccagttcgaccactatagcaag  1821 

588  FHRWSSYMVHWKNQFDHYSK 
hACh  1978  caggatcgctgctcagacctgtgaccccggcgggacccccatgtcct-ccgctccgcccg  2036 


rACh  1822  caqgaqcqctqctcaqacctqtqaccccttgggga-ccccaggtcctgccgccctgcccg  1880 

608  Q  E  R  C  S  D  L  AAA 

underlined  italics  -  ribozyme  annealing  site, 
underlined  plane  -  antisense  annealing  site. 

GeneBank  accession  numbers  for  human  (h)_and  rat  (r)  AChE  are  M55040  and  S50879, 
respectively. 
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Fig.  3.  In  vitro 
ribozyme-mediated 
cleavage  of  AChE 
mRNA. 

Ribozyme-mediated 
cleavage  of  AChE 
mRNA  was  first 
tested  in  vitro.  To 
ascertain  that  longer 
ribozyme  chains 
would  not 

compromise  the 
catalytic  activity  of 
the  hammerhead 
ribozyme,  290  nt 
full  length  chains 
were  compared  to 
the  short  95  nt 
ribozyme,  and  were 
found  to  be  equally 


efficient. 

1  -  control,  190  nt  substrate  alone;  2  -  cleavage  by  the  short  ribozyme;  3  -  cleavage  by  the 
full  length  ribozyme;  Cleavage  conditions:  500  nM  ribozyme,  30  nM  substrate  RNA,  10 
mM  MgCl2,  50  mM  Tris-HCl  (pH  7.5),  37°C,  12  h;  S  -  substrate  RNA;  PI  and  P2  - 
cleavage  products. 


91 


Fig.  4.  PC  12,  the  rat 
neuroendocrine 
phaeochromocytoma  cell  line, 
was  chosen  in  our  study  as  an 
experimental  model  for 
antisense/ribozyme  inhibition  of 
AChE.  When  subjected  to 
Nerve  growth  factor  (NGF) 
treatment,  these  cells  switch  to 
differentiation  towards  a 
cholinergic  phenotype  with 
increased  AChE  activity  and 
neurite  like  processes.  AChE 
was  implicated  as  a  potential  mediator  of  these  cytoarchitectural  changes,  as  stable  suppression 
of  its  production  prevented  the  NGF  effect  (Griffnan  et  al.,  1998).  Conditional  depletion  of 
AChE  synthesis  should  allow  more  specific  investigation  of  the  phase  where  its  function 
contributes  toward  cell  differentiation  processes.  NGF  induced  differentiation  of  PC  12  tet-on 
cells  (CLONTECH)  is  associated  with  an  increase  of  AChE  levels.  Moreover,  the  NGF- 
induced  extension  of  neurites  from  PCI 2  tet-on  cells  is  not  prevented  by  DFP  inhibition  of 
AChE’s  catalytic  activity.  This  leaves  the  non-catalytic  role(s)  of  AChE  as  potentially 
involved  with  PC  12  neuritogenesis.  To  ensure  that  these  cells  provide  an  appropriate  system 
for  addressing  this  question,  we  ascertained  that  alterations  in  AChE  expression  pattern  during 
this  process  are  not  affected  by  doxycycline  alone. 

Fig.  5.  Both  AS  and  ribozyme 
prevent  elevation  of  AChE 
levels. 

PC  12  tet-on  cells  were  transiently 
transfected  with  ribozyme  or 
antisense  expressing  plasmids 
(pTRE-ribozyme  or  pTRE-AS, 
respectively).  After  24  hr, 
doxycycline  (tetracycline  analog) 
was  added  into  half  of  the  samples 
to  initiate  transcription  of  the 
ribozyme  or  AS.  Cells  were 
incubated  for  another  24  hr  to 
allow  accumulation  of  the 
ribozyme  or  AS  transcripts.  Then 
AChE  expression  was  stimulated 
by  NGF.  AChE  activity  was  measured  at  the  time  of  NGF  addition  (0  hr)  and  after  6  hr.  PC12 
tet-on  cells  transfected  with  pTRE  plasmid  served  as  a  control. 


92 


pCMV-E6 


pCMV-14 


Inhibition  ot  AChE-E6  by  RZ  or  AS 
in  CHO  tet-off  cells 


600 
>  500 
O  400 


control  J 

I!  h 

till 

tre/E6  AS/E6  RZ/E6 
10/1  10/1  10/1 


Inhibition  of  AChE-14  by  AS  or  RZ 
in  CHO  tet-off  cells 


control  T  r~1 1 


tre/14 
ratio  io/1 


AS/14 

10/1 


AS/tre/14  RZ/14 
3/6/1  10/1 


Fig.  6.  AS  and 
ribozyme  action  in 
transfected  cells. 

CHO  tet-off  cells 
(CLONTECH)  were 
transiently  co¬ 

transfected  with  pTRE- 
RZ/AS  or  pTRE  as  a 
control  plasmid  and 
with  a  plasmid  encoding 
for  one  of  the  human 
AChE  isoforms  behind 
the  CMV  promoter 
(pCMV-AChE-E6/I4). 

Immediately  after  transfection,  doxycycline  was  added  to  half  of  the  samples  to  induce 
AS/ribozyme  synthesis.  AChE  activity  was  measured  after  48  h.  Note,  that  (1)  in  the  “off’ 
mode  (white  bars)  AS  shows  reduction  of  AChE  activity  as  compare  to  the  control,  probably 
due  to  leakiness  of  the  system  under  transient  transfection  conditions.  The  leakiness  can  be 
compromised  by  lowering  the  ratio  between  the  AS  plasmid  and  the  CMV-AChE  (3/1  instead 
of  10/1  for  the  CMV-I4  plasmid);  (2)  in  the  “on”  mode  (pink  bars)  both  ribozyme  and  AS 
reduce  accumulation  of  the  recombinant  human  AChE-E6  by  about  50%  of  the  control; 
antisense  reduces  AChE-14  as  well  to  the  same  extent.  The  remaining  AChE  activity  may  be 
partially  attributed  to  synthesis  of  the  enzyme  before  AS/ribozyme  concentration  in  the  cell 
becomes  sufficient  for  suppression.  This  implicates  that  both  ribozyme  and  AS  are  capable  of 
cleavage  of  human  AChE  mRNA,  but  antisense  provides  a  stronger  suppression. 


pTRE-AS 

pTRE-RZ 


Conclusions 

■Antisense  and  ribozyme  constructs  were  developed  which  are  capable  of  suppressing  rat  and 
human  AChE  mRNA  in  cultured  cells  in  a  doxycycline-dependent  manner. 

■Prevention  of  AChE  elevation  under  NGF  treatment  as  well  as  inhibition  of  AChE  catalytic 
activity  by  DFP  does  not  prevent  the  initial  phase  of  neurite  outgrowth  in  PC  1 2  cells. 
■Development  stably  transgenic  mouse  pedigrees  should  provide  long  term  inhibition  of 
AChE  and  be  instrumental  in  elucidation  of  its  functions. 


B.  Establishment  of  AS-  and  ribozyme-transgenic  mouse  pedigrees 

Transgenic  mouse  pedigrees  were  created  with  the  tet/AS  and  tet/ribozyme  sequences.  In  the 
first  pedigree  created,  the  tet/ribozyme  transgene  was  not  expressed  in  the  tissues  of  carrier 
mice  at  detectable  levels  (using  RT-PCR  tests).  Another  tet/ribozyme  pedigree  is  currently 
being  raised.  In  contrast,  a  mouse  pedigree  carrying  the  tet/AS  transgenes  yielded  detectable 
mRNA  transcripts  in  some,  but  not  all  of  the  tested  tissues.  An  additional  line,  with  the  AS  but 
not  the  tet  sequence  (-/AS),  served  as  control. 

Under  treatment  with  doxycycline  (2  mg/ml  drinking  water  for  7  consecutive  days  prior  to 
testing),  tet/AS  but  not  -/AS  mice  should  overproduce  the  antisense  sequence,  which  would 
prevent  AChE-R  accumulation  under  stressful  insults.  Under  no  antibiotic  treatment,  however, 
the  tet/AS  transgene  should  not  be  expressed.  Therefore,  the  predicted  response  of  these 
conditionally  transgenic  mice  under  no  antibiotic  treatment  should  be  essentially  that  of 
controls.  However,  previous  reports  note  that  the  tetracycline  control  tends  to  be  "leaky"  in 
transgenic  mice,  a  possibility  of  which  we  were  aware  and  for  which  we  tested. 
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We  have  used  bacterial  lipopolysaccharide  injection  (E.  coli  LPS,  50  pg/Kg)  as  stressor  and 
tested  catalytic  AChE  activity  and  electrophoretic  migration  as  reporter  properties.  6  hrs  post¬ 
injection,  mice  were  sacrificed  and  tissues  prepared  for  analysis. 

LPS  is  an  endotoxin,  derived  from  the  outer  cell  wall  of  Gram-negative  bacteria,  that  binds  to 
the  cell  surface  molecule  CD14  (Ulevitch  &  Tobias,  1994).  This  interaction  induces,  through 
the  Jak/stat  pathway,  transcriptional  over-production  of  2'-5'-oligoadenylate  synthetase 
(Hartmann  et  al.,  1998;  Zhou  et  al.,  1993).  Other  inducers  of  2'-5'-oligoadenylate  synthetase 
are  single  and  double  stranded  RNA  aptamers.  The  resultant  reactions  products,  2'-5'-linked 
oligoadenylates  of  up  to  30  monomers,  act  as  allosteric  activators  of  latent  endoribonuclease, 
RNaseL,  which  degrades  single-stranded  viral  or  cellular  RNA  (Zhou  et  al.,  1997)  and  induces 
a  pro-apoptotic  state  (Ghosh  et  al.,  2001). 

Because  of  the  stress  response  that  is  induced  by  LPS,  one  would  expect  AChE-R 
accumulation  under  exposure.  However,  mRNAs  with  low  stability,  such  as  AChE-R  mRNA, 
are  likely  to  be  particularly  sensitive  to  RNAseL  and  therefore  to  be  quickly  degraded,  even 
under  LPS  induction.  Indeed,  we  found  AChE-R  mRNA  to  be  especially  sensitive  to 
antisense-catalyzed  destruction  (Grisaru  et  al.,  2001;  Galyam  et  al.,  2001),  a  sensitivity  which 
can,  at  least  in  part,  be  explained  by  the  capacity  of  double-stranded  antisense-mRNA  hybrids 
to  induce  2'-5'  oligoadenylate  synthetase  and  RNaseL.  Exposure  of  tet/AS  mice  to  LPS  can 
assist  in  differentiating  these  two  pathways,  as  the  difference  between  control  and  tet/AS  mice 
in  AChE-R  mRNA  levels  following  LPS  exposure  should  reflect  the  net  contribution  of  the 
antisense  transcripts  to  the  destruction  of  the  LPS-induced  AChE-R  mRNA. 


Preliminary  tests  of  these  new  mouse  lines  yielded  the  following  outcomes: 


mouse 

no. 

genotype 

doxy- 

cycline 

LPS 

AChE  activity  (units/mg  protein) 

plasma 

hippo¬ 

campus 

cortex 

intestine 

muscle 

257 

xx,-/AS 

+ 

+ 

0.133 

0.42 

0.65 

61. 

77. 

187 

xx, -/AS 

+ 

+ 

0.094 

0.40 

0.86 

71. 

124. 

263 

xx, -/AS 

+ 

+ 

0.120 

0.51 

0.87 

66. 

251 

xx, -/AS 

+ 

+ 

0.078 

0.28 

0.93 

75. 

66. 

262 

xx, tet/AS 

+ 

0.45 

63. 

252 

xx, tet/AS 

- 

+ 

0.50 

70. 

242 

xx,tet/AS 

+ 

+ 

0.091 

0.36 

0.41 

43. 

118. 

248 

xx, tet/AS 

+ 

+ 

0.75 

101. 

129 

xy, tet/AS 

+ 

+ 

0.34 

0.56 

50. 

184. 

137 

xy, tet/AS 

+ 

- 

0.49 

0.61 

50. 

86. 
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These  studies  are  obviously  preliminary,  yet  they  help  us  plan  future  experiments.  There  is  as 
yet  no  control  group  (-/-),  and  the  sizes  of  each  group  are  as  yet  too  small  to  perform  a 
meaningful  statistical  analysis. 

To  the  extent  that  any  conclusion,  however  tentative,  may  be  drawn,  it  seems  that  catalytic 
activities  tended  to  be  lower  in  both  male  and  female  tet/AS  mice  than  their  -/AS  controls, 
whether  or  not  LPS  exposure  occurred.  This,  perhaps,  indicates  continuous  "leakage"  of  the  tet 
transgene,  conferring  consistent  AS  expression  and  therefore  lower  AChE  activities.  This 
possibility  is  currently  being  tested. 

Further  tests  and  optimization  of  the  experimental  conditions  are  in  progress. 
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Autism,  stress  and  chromosome  7  genes  (task  8) 

Autism,  a  disorder  that  affects  4  out  of  10,000  individuals  in  the  general  population,  is 
classified  as  a  pervasive  developmental  disorder.  It  becomes  apparent  by  the  third 
year  of  life  and  its  characteristic  impairments  persist  into  adulthood.  Whereas  the 
inheritance  of  this  disorder  does  not  follow  a  simple  Mendelian  pattern,  there  is 
compelling  evidence  for  strong  genetic  basis.  This  fact  places  autism  in  the  category 
of  complex  genetic  traits  and  predicts  difficulties  in  any  attempt  to  unravel  the  various 
genes  that  contribute  to  the  disorder,  genes  that  may  even  have  different  contributions 
in  different  populations.  Recently,  the  rising  interest  in  autism  has  spawned  quite  a 
few  multinational  efforts  aimed  at  identification  of  these  genes.  The  projects,  taking 
advantage  of  experimental  approaches  especially  designed  for  the  study  of  complex 
genetic  traits,  succeeded  in  identifying  several  candidate  loci.  However,  none  of  these 
loci  was  identified  with  certainty.  Among  this  group  of  candidate  loci,  several  appear 
to  be  more  prominent  than  the  rest.  The  long  arm  of  chromosome  7  (7q)  is  one  of 
those. 

The  main  characteristics  of  autism  are  social  and  communicative  impairments,  as  well 
as  repetitive  and  stereotyped  behaviors  and  interests.  However,  there  are  also  reports 
of  stress  response-like  behavior  in  autistic  children.  Such  reports  strongly  suggest  that 
autism  is  associated  with  inherited  impairments  in  stress  responses.  However,  this 
association  has  yet  to  be  confirmed.  An  interesting  link  that  relates  impairments  in 
stress  responses  to  autism  is  found  in  the  chromosome  7  gene  ACHE,  which  encodes 
the  enzyme  acetylcholinesterase  (AChE).  The  expression  of  this  gene  is  robustly  and 
persistently  up-regulated  under  stress  and  was  recently  found  to  be  affected  by  a  novel 
mutation  in  the  gene’s  extended  promoter. 

This  chapter  will  describe  the  recent  advances  in  the  identification  of  genes  or  gene 
loci  that  contribute  to  the  autistic  phenotype,  concentrating  on  what  appears  to  be  one 
of  the  best  candidate  loci,  7q.  It  will  further  describe  the  reports  that  suggest  an 
association  between  autism  and  impairments  in  stress  responses  and  will  elaborate  on 
putative  molecular  mechanism(s)  that  underlie  stress  responses  in  conjunction  with 
autism.  Finally,  to  follow  the  suggested  link  that  connects  autism  with  stress,  through 
the  candidate  locus  7q,  we  present  in  this  chapter  the  results  of  a  survey,  which 
determined  the  frequency  of  the  ACHE  up-stream  mutation  in  affected  and  non- 
affected  American  families.  These  results  show  an  extremely  low  incidence  of  this 
mutation,  failing  to  confirm  its  association  with  autism  in  American  families. 
Nonetheless,  the  results  do  not  rule  out  a  role  for  this  polymorphism  in  the  etiology  of 
autism  in  the  Israeli  population  where  the  mutation  is  present  a  higher  frequency. 

Autism  as  a  complex  trait,  candidate  loci  and  genes 

Multigenic  diseases  differ  from  monogenic  ones  in  that  their  occurrence  cannot  be 
linked  to  one  specific  gene,  but  is,  rather,  affected  by  changes  in  several  genes.  They 
include  some  of  modem  medicine’s  chief  concerns,  such  as  risk  of  cardiac  failure, 
diabetes  mellitus  and  a  plethora  of  neurologic  disorders.  Among  these,  autism  is  an 
intriguing  disorder  both  from  the  aspect  of  its  behavioral  symptoms,  the  scope  of 
which  is  difficult  to  define,  and  due  to  its  complex  etiology.  The  frequency  of  autism 
is  4  in  10,000  for  the  classically  defined  syndrome  (with  males  affected  4  times  more 
frequently  than  females  (Smalley,  Asamow,  &  Spence,  1988)).  Inclusion  of  the 
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related  Pervasive  Development  Disorders,  Not  Otherwise  Specified  (PDD-NOS)  and 
Asperger  syndrome  increases  this  incidence  to  16  in  10,000  (Rodier,  2000). 

It  was  previously  believed  that  drugs  such  as  the  teratogens  thalidomide  and  valproic 
acid  may  be  risk  factors  for  autism  (Rodier,  Ingram,  Tisdale,  Nelson,  &  Romano, 
1996).  Although  a  certain  contribution  of  such  environmental  factors  may  exist,  it  is 
now  known  that  the  main  factors  for  the  disorder  are  genetic  (Folstein  &  Rutter, 
1977).  The  strongest  evidence  for  the  contribution  of  inherited  factors  to  autism 
comes  from  studies  on  twins  (Bailey  et  al.,  1995;  Folstein  &  Rutter,  1977; 
Steffenburg  et  al.,  1989;  Wahlstrom,  Steffenburg,  Hellgren,  &  Gillberg,  1989).  These 
studies  showed  a  much  higher  concordance  rate  (the  chance  that  a  child  will  be 
diagnosed  as  autistic  when  his  twin  has  already  been  confirmed  as  autistic)  in 
monozygotic  (MZ,  identical)  twin  pairs  compared  to  dizygotic  pairs  (DZ).  The 
concordance  rates  found  in  the  largest  of  these  studies  (Bailey  et  al.,  1995)  were  60% 
in  MZ  pairs  compared  to  0%  in  DZ  pairs.  This  enabled  calculation  of  the  heritability 
of  autism,  which  was  found  to  be  greater  than  90%.  Moreover,  in  many  of  the  twin 
pairs  showing  a  discordance,  the  non-autistic  co-twins  presented  language 
impariments  in  chilhood  and  social  deficits  that  persisted  into  adulthood  (Le  Couteur 
et  al.,  1996).  This  supports  the  understanding  of  autism  as  a  multigenic  and 
multifactorial  disease  with  a  large  array  of  partially-overlapping  symptoms 
representing  disorders  with  similar  physiological  bases.  Such  similar  disorders  are 
sometimes  pooled  into  a  related  diagnostic  group  of  PDD-NOS.  That  the  concordance 
rate  in  MZ  twin  pairs  does  not  reach  the  100%  expected  for  a  pure  genetic  disorder 
implies  that  autism,  as  many  other  multifactorial  diseases,  is  also  affected  by 
environmental  factors  that  are  associated  with  life  history.  Individual  responses  to  life 
history,  however,  are  also  affected  by  the  genetic  make-up  of  the  individual.  The 
assumption  is  that  individuals  with  genetic  susceptibility  to  adverse  responses  to 
certain  life  events  (e.g.  a  traumatic  experience)  are  more  likely  to  develop  autism  than 
others  who  are  similarly  exposed,  yet  do  not  have  the  inherited  susceptibility.  One  of 
the  twin  studies  (Steffenburg  et  al.,  1989)  reported  that  in  most  of  the  twin  pairs 
discordant  for  autism,  the  autistic  twin  had  more  perinatal  stress.  This  possible  link  of 
autism  with  stress  will  be  further  discussed  below. 

With  the  genetic  basis  of  autism  well  established,  the  next  and  more  challenging  goal 
is  to  identify  the  genes  linked  to  it.  So  far,  no  clear-cut  linkage  has  been  found 
between  any  particular  gene  or  genetic  locus  and  autism.  This  may  be  attributed  to 
misdiagnosis  of  individuals,  but  probably  also  stems  from  the  genetic  heterogeneity  of 
autism,  with  affecting  genes  varying  in  their  contribution  within  different  populations. 
It  is  believed  that  more  than  14  loci  may  be  associated  with  autism  (Risch  et  al., 
1999).  Table  1  presents  a  summary  of  the  current  candidate  loci  and  genes,  most  of 
which  were  determined  in  recent  genome-wide  screens.  Whereas  the  majority  of  these 
chromosomes  are  implicated  in  autism  based  on  a  single  identification,  a  few  loci 
came  up  more  than  once  and  are  therefore  considered  more  seriously  as  containing 
genes  that  contribute  significantly  to  the  etiology  of  autism.  Among  these,  the  most 
prominent  locus  is  7q,  with  most  of  the  markers  pointing  to  the  q32-q35  region  but 
with  some  cytogenetical  evidence  suggesting  q21-q22  as  well  (Ashley-Koch  et  al., 
1999).  Another  locus  that  appears  to  be  a  serious  candidate  for  harboring  relevant 
genes  based  on  cytological  studies,  is  1 5q  1 1  -ql 3  (for  example,  see  Cook  et  al.,  1997). 
However,  this  locus  is  not  favored  by  results  of  the  genetic  screens.  The  reason  for 
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this  may  be  the  sampling  of  individuals  for  the  genetic  screens,  which  excludes  those 
carrying  chromosomal  abnormalities. 


Table  1.  Candidate  genes  and  genetic  loci  associated  with  autism3 


bchromosomal  locus 

Candidate  genes 

reference 

lp(13) 

Risch  et  al.,  1999 

IMGSAC,  1998;  Philippe  et  al.,  1999 

Philippe  et  al.,  1999 

E79BMMHMI 

Philippe  et  al.,  1999 

6q(16) 

MACS,  GRIK6,  GPR6 

Philippe  et  al.,  1999 

7q(3 1  -35,  21-22d) 

GPR37,  dSPCHl, 

PTPRZ1,  EPHB6, 

ACHRM1,  PTN, 

NEDD2/ICH1/CASP2, 
GRM8, 

IMGSAC,  1998;  Barrett  et  al.,  1999; 
Philippe  et  al.,  1999;  Risch  et  al.,  1999 

(Philippe  et  al.,  1999) 

(Risch  et  al.,  1999) 

1 5ql 1-ql 3 

GABRB3,  UBE3A 

Cook  et  al.,  1998);  (Martin  et  al., 
2000)  but  see  Barrett  et  al.,  1999; 
Risch  et  al.,  1999 

IMGSAC,  1998;  Philippe  et  al.,  1999 

HTT,  NF1 

Cook  et  al.,  1997;  Mbarek  et  al.,  1999 

HOXlAe 

Risch  et  al.,  1999 

1 8q(22) 

Philippe  et  al.,  1999 

19p(13) 

IMGSAC,  1998;  Philippe  et  al.,  1999 

Xp(21-22) 

Philippe  et  al.,  1999 

“Compiled  mostly  from  4  full-genome  screens  performed  in  the  past  2  years 
(IMGSAC,  1998;  Barrett  et  al.,  1999;  Philippe  et  al.,  1999;  Risch  et  al.,  1999). 
bWhenever  available,  the  exact  location  of  the  linked  region  is  designated.  When  no 
exact  location  has  been  suggested  the  position  of  the  markers  used  for  the  genetic 
screening  was  added  (in  brackets). 
cWhenever  proposed  in  the  cited  papers. 
dSee  Ashley-Koch  et  al.  (1999). 
eSee  Rodier  (2000). 

Before  further  focusing  on  chromosome  7,  a  few  of  the  candidate  genes  believed  to 
contribute  to  the  etiology  of  autism  are  worth  mentioning.  Most  of  the  proposed 
candidate  genes  are  believed  to  be  causally  involved  in  autism  based  on  their  known 
contribution  to  neuronal  activity  or  development,  combined  with  linkage  analysis  of 
their  chromosomal  locations.  In  certain  cases,  such  as  with  the  serotonin  transporter, 
the  gene  was  proposed  as  a  candidate  based  on  a  phenotypic  abnormality,  the  high 
serotonin  levels  shown  by  autistic  individuals  (Cook  et  al.,  1997),  a  suggestion  that 
was  re-enforced  by  genetic  association  studies  (Klauck,  Poustka,  Benner,  Lesch,  & 
Poustka,  1997).  Similarly,  the  neurofibromatosis  type  1  gene  (NF1;  Mbarek  et  al., 
1999)  was  found  to  be  over-expressed  in  autistic  patients.  NF1  is  known  to  regulate 
the  activity  of  Ras  proteins,  of  which  one  shows  an  association  with  autism  (Comings, 
Wu,  Chiu,  Muhleman,  &  Sverd,  1996).  A  different  case  involved  the  y-aminobutyric 
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acid  receptor  (33-subunit  gene  (GABRB3;  Cook  et  al.,  1998).  This  receptor  is 
activated  by  GABA,  the  principal  inhibitory  neurotranmitter  in  the  brain.  Its 
importance  in  control  of  brain  excitability,  as  well  as  its  developmentally  regulated 
expression,  indicated  possible  involvement  in  the  autistic  phenotype. 

So  far,  however,  genetic  screens  have  failed  to  unequivocally  verify  the  association  of 
these  genes.  In  most  cases,  new  allelic  markers  were  identified  in  the  gene  regions, 
but  not  in  the  same  position  as  the  preliminarily  associated  markers  (Martin  et  al., 
2000;  Risch  et  al.,  1999).  The  next  2  sections  will  point  up  the  stress-related 
symptoms  of  autism  that  have  been  somewhat  neglected  in  recent  years,  and  which 
may  suggest  new  candidate  genes  based  on  their  invovlement  in  such  symptoms. 


Is  autism  associated  with  inherited  impairments  in  stress  responses? 

Once  a  genetic  basis  of  autism  was  established,  environmental  factors,  which  had 
previously  been  the  focus  of  attention,  were  pushed  aside.  However,  we  now  believe 
that  there  is  reason  to  consider  an  interaction  of  genetic  and  environmental  factors. 
The  correlation  of  autism  with  inherited  susceptibility  to  extreme  stress  responses  has 
been  discussed  extensively,  so  far  without  resolution.  Several  observations  suggest 
such  correlation.  First,  autistic  patients  show  an  exaggerated  response  to  external 
stimuli  that  are  not  stressful  in  healthy  individuals  (Bergman  &  Escalona,  1949;  Hutt, 
Hutt,  Lee,  &  Ounsted,  1964),  perhaps  suggesting  inherited  differences  in  their  levels 
of  perceived  stress;  second,  such  an  exaggerated  response  to  such  stimuli  may 
indicate  an  inherited  tendency  to  impaired  control  over  stress  responses  (Hutt,  Hutt, 
Lee,  &  Ounsted,  1965);  and  third,  the  long-lasting  nature  of  their  repetitive  behavior 
phenotype  hints  at  inherited  difficulties  in  termination  of  stress  responses.  Similarly, 
the  impairments  in  socio-emotional  reciprocity  that  are  characteristic  of  autism  (Wing 
&  Gould,  1979),  the  communication  impairments  and  anxiety  (Muris,  Steememan, 
Merckelbach,  Holdrinet,  &  Meesters,  1998),  the  susceptibility  to  epileptic  seizures 
(Giovanardi  Rossi,  Posar,  &  Parmeggiani,  2000)  and  the  restricted  repertoire  of 
activities  and  interests  (Wing  &  Gould,  1979)  may  all  be  associated  with  inherited 
defects  in  the  intricate  processes  that  control  human  responses  to  stress.  In  addition, 
autism  is  associated  with  a  mild,  but  reproducible  and  apparently  specific  elevation  in 
the  stress-related  hormones  fi-endorphin  and  ACTH  (Tordjman  et  al.,  1997)  (Fig.  1). 
All  this  calls  for  investigating  those  nervous  system  pathways  and  the  corresponding 
genes  that  contribute  to  stress  responses.  One  such  pathway  involves  cholinergic 
neurotransmission. 


Fig.  1.  Plasma  stress  hormones  in 
autism.  Shown  in  columns  are  results 
taken  from  Tordjman  et  al.  (1997)  of 
data  from  autistic  patients  (n=46-48), 
patients  with  mental  retardation  or  other 
cognitive  impairments  (n=15-16)  and 
normal  subjects  (n=23-26).  Statistics 
was  performed  on  log-transformed  data, 
as  described  in  the  reference. 
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Neurons  that  communicate  by  the  neurotransmitter  acetylcholine  (ACh)  are  tightly 
involved  in  mammalian  stress  responses.  Hyperexcitation  of  cholinergic 
neurotransmission  has  been  reported  under  stress  (Kaufer  &  Soreq,  1999);  persistent 
changes  were  observed  in  the  expression  patterns  of  the  key  genes  that  encode  the 
ACh-synthesizing  enzyme  choline  acetyl  transferase,  the  packaging  protein  vesicular 
ACh  transporter  and  the  ACh-hydrolyzing  enzyme  AChE  (Kaufer,  Friedman, 
Seidman,  &  Soreq,  1998),  all  of  which  lead  to  a  decrease  in  cholinergic 
hyperexcitation  and  to  re-establishment  of  normal  neurotransmission.  These  stress- 
induced  changes  take  place  primarily  in  the  hippocampus,  which  has  been  reported  to 
develop  abnormally  in  autistic  individuals  (Piven,  1997).  The  change  in  AChE 
expression,  its  increase  under  stress  conditions,  is  mimicked  in  AChE-over-producing 
transgenic  mice.  These  mice  display  progressive  stress-related  pathologies,  including 
high  density  of  curled  neuronal  processes  in  the  somatosensory  cortex,  accumulation 
of  clustered  heat  shock  protein  70-immunopositive  neuronal  fragments  in  the 
hippocampus,  and  a  high  incidence  of  reactive  astrocytes  (Stemfeld  et  al.,  2000). 
They  also  present  progressive  impairments  in  learning,  memory  and  social  behavior 
(Beeri  et  al.,  1995;  Beeri  et  al.,  1997;  Cohen,  O.  et  al,  personal  communication),  and 
appear  extremely  sensitive  to  head  injury  (Shohami  et  al.,  2000)  and  AChE  inhibitors 
(Shapira  et  al.,  2000b).  Moreover,  stress  was  shown  to  increase  the  blood-brain 
barrier  permeability  (Friedman  et  al.,  1996),  thereby  allowing  potentially  harmful 
xenobiotics  to  enter  the  brain.  A  subset  of  such  xenobiotics,  the  AChE  inhibitors,  are 
commonly  used  in  agriculture  and  in  the  household  as  insecticides.  Upon  entering  the 
brain,  AChE  inhibitors  may  cause  the  above-mentioned  persistent  increase  in  AChE 
expression;  and  excess  of  this  protein  may  lead  to  neuropathological  changes  and  to 
impairment  of  cognitive  and  social  skills  such  as  those  observed  in  the  transgenic 
mice.  Altogether,  these  data  suggest  that  individuals  with  an  inherited  susceptibility  to 
adverse  stress  responses,  itself  probably  a  complex  trait,  will  present  exaggerated 
AChE  expression.  Similarly,  individuals  with  an  inherited  abnormal  AChE  expression 
may  develop  a  susceptibility  to  adverse  stress  responses.  The  autism-associated 
symptoms  which,  appear  to  indicate  increased  stress  responses,  may  point  to  the 
ACHE  gene  and  its  transcriptional  control  as  promising  ground  in  which  to  explore 
for  correlations  with  the  autistic  phenotype. 

Consider  (a)  that  in  everyone,  there  is  a  toll  in  brain  neuropathologies  to  be  paid  for 
the  daily  load  of  stress,  and  in  experimental  animals  the  appearance  of  these 
pathologies  seems  to  exacerbated  under  AChE  over-expression  (Stemfeld  et  al., 
2000);  (b)  this  toll  may  be  magnified  in  individuals  with  an  inherited  predisposition  to 
exaggerated  responses  to  stress  and  to  anti-AChE  agents,  as  in  some  cases 
hypersensitivity  to  anti-AChEs  was  discovered  to  be  associated  with  a  genomic 
variation  that  induces  constitutive  over-expression  of  AChE  (Shapira  et  al.,  2000b); 
and  (c)  an  additional  factor  may  be  a  previous  exposure  to  AChE  inhibitors,  which 
under  stress  can  cross  the  blood-brain  barrier  (Friedman  et  al.,  1996)  and  induce 
progressive  damage  to  glia  and  neurons.  Each  of  these  effects,  and  especially  the  sum 
of  them,  may  facilitate  the  developmental  impairments  characteristic  of  autism. 

Chromosome  7  and  autism 

The  long  arm  of  chromosome  7  was  marked  as  a  locus  of  genes  which  contribute  to 
autism  in  all  of  the  full  genome  screens  performed  so  far  (IMGSAC,  1998;  Barrett  et 
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al.,  1999;  Philippe  et  al.,  1999;  Risch  et  al.,  1999)  and  in  a  few  more  restricted 
screens,  e.g.  by  Ashley-Koch  et  al.  (1999).  While  the  linked  loci  extend  from  bands 
q32  to  q35,  several  genes  located  outside  of  this  region  may  be  equally  important. 
This  assumption  is  based  on  identified  mapping  inaccuracies  and  ambiguities  (Hauser, 
Boehnke,  Guo,  &  Risch,  1996),  on  the  assumption  that  certain  genetic  aberrations 
may  involve  not  only  the  genetically-linked  region  but  also  neighboring  genes  and  on 
potentially  relevant  functions  of  the  respective  gene  products,  which  make  them 
appropriate  candidates  for  association  with  different  aspects  of  the  autistic  phenotype. 
One  such  candidate  gene,  SPCH1,  which  fulfills  all  3  criteria,  was  proposed  recently. 
Mapped  to  7q31,  SPCH1  is  associated  with  a  severe  speech  and  language  disorder 
(Fisher,  Vargha-Khadem,  Watkins,  Monaco,  &  Pembrey,  1998)  and  thus  may  be 
responsible  for  the  language  difficulties  observed  in  autistic  children.  A  family  with 
three  affected  children,  two  with  autism  and  one  with  a  language  disorder,  was 
recently  investigated  (Ashley-Koch  et  al.,  1999).  Affected  members  of  this  family 
were  found  to  carry  an  inversion  that  spans  bands  7q21  to  7q34.  Further  screening  of 
additional  families  for  markers  located  in  the  inversion  region  pointed  to  part  of  this 
inversion  region  being  associated  with  25-40%  of  autism  cases  (Ashley-Koch  et  al., 
1999).  However,  with  the  set  of  chromosome  7  markers  included  in  that  screen,  the 
SPCH1  gene  itself  was  not  linked  to  this  syndrome. 

We  have  recently  examined  the  possible  involvement  of  aberrant  regulation  of 
another  chromosome  7  gene,  ACHE,  located  close  to  SPCH1,  in  the  susceptibility  to 
development  of  the  autistic  phenotype.  Mapped  to  7q22,  ACHE  encodes  the  enzyme 
AChE  which  is  responsible  for  hydrolyzing  the  neurotransmitter  ACh  and  thus  for 
terminating  neurotransmission  across  cholinergic  synapses  (Massoulie  et  al.,  1998).  In 
addition,  ACHE  is  involved  in  plasticity  responses  in  many  more  tissues  through  non- 
catalytic  activities  (reviewed  in  Grisaru,  Stemfeld,  Eldor,  Glick,  &  Soreq,  1999).  Yet 
more  importantly,  over-production  of  AChE  was  reported  under  acute  psychological 
stress  (Kaufer  et  al.,  1998).  The  proximity  of  the  ACHE  gene  to  the  autism  related 
7q32-35  region,  its  inclusion  in  the  inversion  region  found  in  the  autism  family 
(reported  in  Ashley-Koch  et  al.,  1999)  and  its  association  with  stress  responses  all 
make  it  a  plausible  candidate.  In  addition,  ACHE  is  expressed  in  early  stages  of  brain 
development,  long  before  the  formation  of  functioning  synapses  (Layer,  1995),  which 
implies  that  its  aberrant  regulation  can  contribute  to  the  developmental  defects  that 
are  associated  with  autism.  In  addition,  it  should  be  noted  that  stress-induced  over¬ 
expression  of  7q22  genes  is  not  limited  to  ACHE',  at  least  one  additional  gene,  ARS 
which  is  associated  with  arsenite  resistance,  and  possibly  others  at  this  locus,  also 
appear  to  be  over-expressed  (Shapira,  Grant,  Komer,  &  Soreq,  2000a). 

Although  total  blockade  of  ACh  hydrolysis  is  incompatible  with  life,  polymorphisms 
that  modulate  the  transcriptional  control  of  AChE  may  cause  a  milder  effect,  which  is 
manifested  as  an  inherited  susceptibility  to  changes  in  cholinergic  neurotransmission. 
Following  a  search  for  such  polymorphisms  (Shapira  et  al.,  2000b),  we  have  recently 
identified  a  4-base  pair  deletion  that  disrupts  one  of  two  binding  sites  for  the 
transcription  factor  HNF3B  (Kaestner,  Hiemisch,  Luckow,  &  Schutz,  1994;  Qian, 
Samadani,  Porcella,  &  Costa,  1995).  This  deletion  is  located  in  a  distal  enhancer 
domain,  17  Kb  up-stream  from  the  transcription  start  site  of  ACHE,  a  region  dense 
with  binding  motifs  for  other  factors,  including  glucocorticoid  hormones  (Shapira  et 
al.,  2000b)  (Fig.  2).  This  ACHE  promoter  deletion  induces  constitutive  AChE  over- 
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production,  which  in  turn  causes  an  impaired  capacity  for  up-regulating  AChE 
production  under  chemical  stress  insults  and  results  in  hypersensitivity  to  such  insults. 
Because  of  the  molecular  mechanisms  common  to  chemical  and  psychological  stress 
responses,  i.e.  elevated  expression  of  stress-associated  transcription  factors  such  as 
API  or  HNF3,  of  AChE  (Kaufer  &  Soreq,  1999)  and  of  heat  shock  proteins  (Stemfeld 
et  al.,  2000),  we  suspect  that  carriers  of  this  promoter  polymorphism  are  also 
hypersensitive  to  psychological  stressors.  An  extension  of  this  concept  implies  that 
autism  and  susceptibility  to  stressors  share  common  molecular  abnormalities.  It  may 
also  be  that  a  primary  stress  event  would  induce  an  acquired  susceptibility  to 
exaggerated  responses  to  subsequent  stress.  Under  a  certain  genetic  make-up,  the  risk 
of  developing  the  full  autistic  phenotype  may  also  increase.  To  examine  one  of  the 
molecular  markers  associated  with  such  susceptibility,  we  determined  the  incidence  of 
the  transcriptionally  activating  deletion  in  the  ACHE  promoter  in  US  families  with 
autistic  children  as  compared  with  screened  healthy  individuals  from  Israel  and  the 
USA. 
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mutations  as  wedges.  A  solid  line  connecting  mutations  indicates  complete  linkage 
between  the  variants.  A  broken  line  represents  strong  incomplete  linkage.  Mutation 
frequencies  are  taken  from  Ehrlich  et  al.  (1994)  for  the  coding  region  mutations  (open 
wedges). 
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In  the  examined  Israeli  population,  the  tested  deletion  displayed  an  allele  frequency  of 
0.012  and  was  strongly  linked  to  the  catalytically  neutral  H322N  point  mutation  in  the 
AChE  coding  sequence.  The  H322N  mutation,  responsible  for  the  rare  Ytb  blood 
group,  is  considerably  more  frequent  in  Middle  Eastern  populations  (Ehrlich  et  al., 
1994),  than  in  the  USA  (Giles,  Metaxas-Buhler,  Romanski,  &  Metaxas,  1967). 
Therefore,  we  predicted  that  the  ACHE  promoter  polymorphism  would  occur  less 
frequently  in  the  US  population,  regardless  of  the  autistic  status.  This  was,  indeed, 
found  to  be  the  case,  with  8  heterozygous  carriers  out  of  333  screened  Israelis  (2.4% 
incidence)  but  only  5  carriers  in  816  US  individuals  (0.6%)  (Table  2).  The  low 
incidence  of  this  polymorphism  further  complicated  the  data  analysis,  as  it  was  found 
in  3  out  of  616  normal  US  individuals  (0.5%)  as  compared  with  2  out  of  190  affected 
ones  (1.0%).  We  conclude  that  if  indeed  this  specific  polymorphism  is  involved  with 
in  the  susceptibility  to  extreme  responses  in  the  US  survey  of  autistic  patients,  its 
effect  is  minimal. 
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Table  2.  Screening  autism  families  for  A4  ACHE  promoter  polymorphism 


US 

autism  families 

US 

individuals  carriers 

Israeli 

individuals  carriers 

total 

individuals  carriers 

singleton3 

103 

normal 

616 

3C 

333 

8 

949 

11 

multiplexb 

82 

affected 

190 

2d 

- 

190 

2 

unconfirmed 

multiplex 

18 

unclear 

status 

18 

“ 

18 

” 

total 

203 

816 

5 

333 

8 

949 

13 

aNuclear  families  with  an  affected  child. 
bFamilies  with  at  least  two  affecteds,  usually  sibs. 
cOf  two  families,  one  female,  one  male  and  his  grandson. 
dTwo  affected  males. 


Prospects 

The  current  status  of  this  study  leaves  us  with  more  questions  than  answers.  Because 
of  the  rarity  of  the  analyzed  promoter  polymorphism,  we  cannot  confirm  that  it  is 
associated  with  the  autistic  phenotype  in  the  studied  families.  The  conflicting 
evidence  regarding  candidate  genes  suggests  that  its  genomic  basis  may  differ  from 
one  population  to  another.  This  is  highlighted  by  the  different  allelic  frequency  of  the 
ACHE  promoter  polymorphism  in  the  US  and  Israeli  populations  that  were  screened. 
In  addition,  the  wealth  of  transcription  factor  binding  motifs  in  the  extended  ACHE 
promoter  suggests  multiple  contributions  toward  its  control,  both  under  normal  and 
stress  conditions.  Therefore,  the  over-all  post-transcriptional  pattern  of  ACHE  gene 
expression  may  be  more  relevant  to  autism  than  sequence  polymorphisms  in 
particular  elements  of  its  promoter. 

We  do  believe,  however,  that  it  is  worthwhile  paying  attention  to  environmental 
factors,  such  as  stress,  that,  given  a  certain  genetic  make-up,  may  affect  the 
development  of  autism.  More  than  identifying  affecting  environmental  factors  per  se, 
this  approach  may  offer  hints  of  additional  genetic  factors,  that  indirectly  contribute  to 
the  etiology  of  autism  by  processing  environmental  influences. 
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Key  research  accomplishments 

•  Neuronal  overexpression  of  "readthrough"  acetylcholinesterase  is  associated  with 
antisense- suppressible  behavioral  impairments 

•  Developmental  reduction  in  AChE  gene  expression  is  associated  with  acquired  learning 
behavior  in  honey  bees 

•  Synaptogenesis  and  myopathy  under  AChE  over-expression 

•  Modified  testicular  expression  of  stress-associated  “readthrough”  acetylcholinesterase 
predicts  male  infertility 

•  Development  of  AChE  variant-specific  antibodies  for  the  demonstration  of  differential 
expression  of  variants  in  hematopoietic  cells 

•  Complex  host  cell  responses  to  antisense  suppression  oiACHE  gene  expression 

•  Relief  of  neuromuscular  weakness  in  experimental  autoimmune  myasthenia  gravis  by 
antisense  oligonucleotides 

•  Search  for  the  connections  among  autism,  stress  and  chromosome  7  genes 

•  The  C-terminal  sequence  of  AChE-R  interacts  with  RACK1,  a  PKC  intracellular  receptor 
and  a  WD-type  protein 

•  A  system  for  inducible  antisense  suppression  of  ACHE  gene  expression  has  been 
constructed 
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Reportable  outcomes 


The  following  new  articles  have  appeared  or  will  shortly  appear  in  peer-  reviewed 

journals: 

Galyam,  N.,  Grisaru,  D.,  Grifman,  M.,  Melamed-Book,  N.,  Eckstein,  F.,  Seidman,  S., 
Eldor,  A.,  and  Soreq,  H.  (2001).  Complex  host  cell  responses  to  antisense  suppression 
of  ACHE  gene  expression.  Antisense  Nucl  Acid  Drug  Dev  1 1,  51-57. 

Lev-Lehman,  E.,  Evron,  T.,  Broide,  E.  S.,  Meshorer,  E.,  Ariel,  I.,  Seidman,  S.,  and  Soreq, 
H.  (2000).  Synaptogenesis  and  myopathy  under  acetylcholinestrase  overexpression.  J. 
Mol.  Neurosci.  14,  93-105. 

Mor  I.,  Grisaru,  D.,  Titelbaum,  L.  ,  Evron,  T.,  Richler,  C.,  Wahrman,  J.  ,  Stemfeld,  M., 
Yogev,  L.,  Meiri,  N.,  Shlomo  Seidman,  S.  and  Hermona  Soreq,  H.  (2001).  Modified 
testicular  expression  of  stress-associated  “readthrough”  acetylcholinesterase  predicts 
male  infertility.  FASEB  J.  15,  2039-2041. 

Shapira,  M.,  Thompson,  C.K.,  Soreq,  H.  and  Robinson,  G.E.  (2001)  Changes  in  neuronal 
acetylcholinesterase  gene  expression  and  division  of  labor  in  honey  bee  colonies.  J. 
Mol.  Neurosci.  17  (in  press). 

Soreq,  H.,  and  Seidman,  S.  (2001).  Acetylcholinesterase  -  new  roles  for  an  old  actor. 
Nature  Rev.  Neurosci.  2,  294-302. 

The  following  review  articles  have  appeared: 

Soreq,  H.  and  Seidman,  S.  (2000)  Anti-sense  approach  to  anticholinesterase  therapeutics. 
Isr.  Med.  Assn.  J.  2  Suppl.  81-85. 

Shapira,  M.,  Glick,  D.,  Gilbert,  J.P.,  and  Soreq,  H.  (2000).  Autism,  stress  and 
chromosome  7  genes.  In  :  The  Research  Basis  of  Autism  Intervention.  .  E.  Schloper, 
L.  Marcus,  C.  Shulman  and  N.  Yirmiya,  eds.  (New  York:  Kluwer  Academic/Plenum 
Publishers),  pp.  103-1 13. 

Soreq,  H.,  and  Glick,  D.  (2000).  Novel  roles  for  cholinesterases  in  stress  and  inhibitor 
responses.  In:  Cholinesterases  and  Cholinesterase  Inhibitors:  Basic,  Preclinical  and 
Clinical  Aspects,  E.  Giacobini,  ed.  (London:  Martin  Dunitz),  pp.  47-61. 

Soreq,  H.,  Kaufer,  D.,  Friedman,  A.  and  Glick,  D.  (2000)  Blood-Brain  Barrier 
modulations  and  low-level  exposure  to  Xenobiotics.  In:  Chemical  Warfare  Agents: 
Low  Level  Toxicity,  S.  M.  Somani  and  J.  A.  Romano,  eds.  (Boca  Raton:  CRC  Press), 
pp.  121-144. 

Degrees  granted 

Michael  Shapira  received  his  PhD  from  Hebrew  University  for  “Neurogenetics  approach 
to  the  transcriptional  control  of  acetylcholinesterase  production”. 

Employment  opportunities  resulting  from  work  on  this  grant 

Christina  Erb,  a  former  post-doctoral  fellow  is  now  employed  by  Bayer  AG,  Pharma 
Research  CNS  at  Wuppertal,  Germany. 

Michael  Shapira,  a  former  student,  received  a  Dean’s  Fellowship  for  post-doctoral  studies 
at  Stanford  University. 
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Awards 

An  honorary  professorship  was  conferred  upon  Prof.  Soreq  by  Maimonides  Ulniversity 
School  of  Medicine,  Buenos  Aires,  May  2001 
Inbal  Mor,  a  doctoral  candidate,  was  awarded  the  Hebrew  University  of  Jerusalem 
Pollack  Prize  for  excellence  in  research  and  studies. 

Cesar  Flores-Flores,  was  awarded  an  extension  of  his  Long-Term  FEBS  Fellowship  for 
post-graduate  studies  at  the  Hebrew  University 

Funding  applied  for  based  on  work  supported  by  this  grant 

“Human  acetylcholinesterase  isoforms  from  transgenic  plants:  a  robust  system  for  the 
production  and  delivery  of  effective  countermeasures  against  non-conventional 
warfare  agents”,  award  030  7461  from  Defense  Advanced  Research  Projects  Agency 
of  the  US  Department  of  Defense  (with  Tsafrir  Mor  and  Charles  Amtzen,  Arizona 
State  University) 

“Functional  genomics  of  neurogenic  variability:  cholinesterase  and  glycine  receptor 
polymporphisms”,  awarded  by  German-Israeli  Foundation  (with  Cord-Michael 
Becker,  Erlangen  University) 

Collaborations  initiated 

Prof.  Charles  Amtzen,  Arizona  State  University,  Tempe 

Prof.  Cord-Michael  Becker,  Erlangen  University,  Nuremberg,  Germany 

Training  of  personnel 

A  neurologist  from  Soroka  Hospital  (Beersheva),  Tatiana  Vander,  MD,  has  been 
receiving  training  at  Hebrew  University  to  enable  the  Beersheva  group,  under  Dr. 
Friedman,  perform  AChE  enzyme  and  protein  concentration  assays  and  determine 
genomic  polymorphisms.  The  standardization  of  these  assays,  and  improved  shared 
protocols  for  extraction  of  DNA  from  blood  samples,  will  facilitate  the  collection  of 
information  on  human  subjects  when  the  conditionally  approved  HSRRB  certification 
process  for  these  studies  is  completed. 
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Conclusions 


In  focusing  this  year’s  work  on  the  potentially  distinct  functions  of  the  different  AChE  variants, 
we  have  found  the  neuronal  overexpression  of  the  stress-induced  AChE-R  variant  to  be 
associated  with  behavioral  impairments  in  mice.  Another  animal  model,  the  honey  bee,  showed 
consistent  improvement  of  behavioral  functions  during  their  normal  developmental  reduction  of 
ache  gene  expression  and  also  under  mild  rivastigmine  exposure.  In  the  neuromuscular  system, 
we  observed  AChE-R  overexpression  under  mouse  exposure  to  DFP  and  in  an  experimental 
autoimmune  myasthenia  gravis  model  in  rats.  This  overexpression  was  associated  with  impaired 
muscle  structure  and  myopathy  (in  mice)  and  with  electromyographic  deterioration  (in  rats).  Both 
effects  were  preventable  by  systemic  administration  of  antisense  oligonucleotides,  which  also 
transiently  improved  the  behavioral  abnormalities  associated  with  AChE-R  overproduction. 

Modulated  AChE-R  production  was  also  noted  in  differentiating  hematopoietic  and  sperm  cells; 
in  AChE-R  transgenic  mice,  this  induced  male  infertility,  and  unusual  AChE-R  distribution  was 
also  observed  in  human  sperm  samples  from  the  male  partnerss  of  some  couples  with 
unexplained  infertility.  Finally,  at  least  part  of  these  intriguing  AChE-R  properties  could  be 
traced  to  a  cascade  response  leading  to  modulated  activities  of  PCKBII,  a  protein  kinase  variant 
known  to  control  anxiety  responses. 
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(4)  Clarify  in  the  recruitment/consent  process  that  the  adult  patient  will  not  be  invited  to 
participate  in  the  study  until  she  or  he  is  clinically  stable  and  capable  of  consenting  self. 

(5)  Clarify  in  the  consent  process  that  surrogate  consent  will  not  be  sought  for  adult 
patients  who  are  not  able  to  consent  for  self. 

(6)  In  the  consent  procedures  describe  how  the  illiterate  patient  will  be  informed  about  the 
study  and  how  verbal  consent  will  be  obtained,  verified,  and  documented. 

(7t  In  the  consent  procedures  describe  how  the  patient's  wishes  will  be  respected  in 
relation  to  whether  or  not  she  or  he  consents  to  future  use  of  the  specimens  and  the  des,re  to 
be  informed/consented  in  advance  of  use. 

(8)  In  the  assent  procedures  clarify  which  tests  will  be  done  for  which  age  group. 

(9)  Clarify  in  the  study  procedures  how  the  researchers  will  coordinate  the  study 
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duplication  of  testing. 
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the  patient  will  participate  in  the  study,  and  when  the  final  data  collection  will  be  complete 

the  last  patients  that  are  enrolled  in  the  study. 

(11)  In  the  study  procedures  indicate  clearly  what  procedures  will  be  done  on  the  initial 
evaluation,  what  ones  will  be  done  weekly  if  the  patient  remains  hospitalized,  and  what  ones  will 
be  done  just  prior  to  hospital  discharge. 

(12)  Clarify  in  the  benefit  section  that  the  patient  will  be  informed  about  the  results  of  the 
study  tests  and  that  a  written  report  will  be  provided  to  the  patient's  attending  physician. 

(13)  Describe  how  the  children  will  have  the  developmental  testing,  by  whom,  and  under 
what  conditions.  If  this  will  be  done  by  referral  to  another  sen/ice.  provide  *ocumen™™°^e. 
availability  of  the  referral  service.  If  the  deveiopmental  testing  is  routinely  done  as  a  standard  ot 
care,  then  remove  it  from  the  list  of  research  participation  benefits. 

(14)  Clarify  how  the  identifiers  on  the  data  will  be  addressed  and  how  this  will  be 
coordinated  with  the  DOD  VRDB. 

(15)  Add  the  Serious  Adverse  Events  Clause  1.02  [(AR  70-25,  2-5(C),  2-9(C)(4),  OTSG 
15-2,  4(e)(2)], 
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c.  Revisions  to  be  made  to  the  retrospective 
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role  in  the  research  role  responsibilities. 


study  protocol. 
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(3)  Eliminate  pregnancy  as  a  criterion  for  exclusion. 
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(2)  Eliminate  imaging  as  a  benefit  for  children  under  12. 
the  MR1  imaging  done  for  children  under  12. 


offer  parents  the  option  of  having 


(3)  Eliminate  BCT  imaging  as  a  benefit:  this  is  a  clinical  not  a  research  procedure. 

(4)  Clarify  the  genetic  counseling  and  the  language  about  the  impact/usefulness  of  thi 
information  on  their  decisions  about  whether  or  not  to  have  children. 


(5)  Include  a  description  of  the  types  of  symptoms  the  patient  might  experience 
he  were  sensitive  to  succinylcholine 


(6)  Include  information  about  the  institutional  point  of  contact 
that  the  patient  can  contact  for  questions  about  his  or  her  rights  as 
research-related  injury,  and  request  withdrawing  from  the  study  or 
withdrawn  from  storage. 


(e.g.,  Helsinki  Committee) 
a  research  subject,  to  report 
to  have  their  samples 


(7)  Clarify  which  procedures  will  be  done  for  children  under  12  years  of  age. 

(8)  Add  a  statement  that  the  investigator  may  terminate  a  subject's  participation  in  the 
study  and  describe  the  possible  reasons  for  this. 


(9)  Use  the  second  person  voice  throughout  the  consent  form. 
e  Revisions  to  .he  made  to.  the  adult  (or  parentt  version  oj  the.  retrospective  study  consent 


The  stress-induced  “readthrough”  acetylcholinesterase  variant  displays  distinctive 
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Abbreviations: 

ACHE,  the  acetylcholinesterase  gene 
AChE,  acetylcholinesterase 

AChE-C,  core  AChE,  encoded  by  exons  E2,  E3  and  E4 

AChE-E,  erythrocytic  AChE,  encoded  by  E2,  E3,  E4  and  E5 

AChE-R,  “readthrough”  AChE,  encoded  by  E2,  E3,  E4  and  14 

AChE-S,  synaptic  AChE,  encoded  by  E2,  E3,  E4  and  E6 

ATCh,  acetylthiocholine 

BuChE,  butyrylcholinesterase 

ChE,  cholinesterase 

CMV,  cytomegalovirus 

DFP,  diisopropylfluorophosphonate 

Gl,  globular  monomer  (of  AChE) 

G2,  globular  dimer  (of  AChE) 

G4,  globular  tetramer  (of  AChE) 
iso-OMPA,  tetraisopropylpyrophosphoramide 

There  is  strong  evidence  for  an  mRNA  that  encodes  an  acetylcholinesterase  variant,  AChE-R, 
which  arises  from  readthrough  of  the  pseudo-intron  14,  but  characterization  of  the  protein  has 
been  hampered  by  its  low  level  of  expression.  To  address  this  issue,  we  have  now  expressed 
human  AChE-R  in  the  milk  and  muscle  of  transgenic  mice.  In  electrophoresis  it  behaves  as  a  62 
kDa  protein,  and  sucrose  gradient  centrifugation  shows  that  it  is  monomeric.  An  anti-human 
AChE-R  that  cross-reacts  with  mouse  AChE-R  has  allowed  the  finding  that  under  stress, 
endogenous  mouse  AChE-R  constitutes  a  large  fraction  of  the  newly-expressed  protein.  The 
catalytic  activity  of  transgenic  human  AChE-R  was  characterized  by  its  susceptibility  to 
inhibition  by  a  number  of  organophosphate  and  carbamate  inhibitors.  While  the  actions  of  some 
anti-AChEs  were  the  same  on  all  AChE  variants,  others  were  not;  rivastigmine,  an  anti-AChE 
used  for  the  treatment  of  Alzheimer’s  disease,  inhibited  AChE-R  significantly  more  strongly  than 
it  did  other  variants.  Because  variants  differ  only  in  their  C-terminal  sequences,  a  new  transgenic 
variant  was  created,  one  truncated  at  the  point  in  the  sequence  where  the  identity  of  the  natural 
variants  ends.  To  clarify  the  role  of  the  C-terminal  sequences  in  the  interaction  with  inhibitors, 
this  core  protein,  AChE-C,  was  compared  to  the  other  variants.  Its  closer  similarity  to  AChE-R 
than  to  AChE-S,  suggests  an  involvement  of  the  C-terrminus  in  inhibitor  interactions.  We 
conclude  that  stress,  through  changes  in  alternative  splicing,  may  modify  the  properties  of  brain 
AChE,  as  well  as  its  sensitivity  to  some  anti-AChE  agents. 
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Alternative  splicing  of  the  nascent  acetylcholinesterase  (AChE)  transcript  gives  rise  to  three  3 
variant  mRNAs  (1-3).  One  encodes  the  synaptic  form,  AChE-S,  another  the  erythrocytic  form, 
AChE-E,  and  a  third  incorporates  pesudo-intron  14  and  forms  the  readthrough  variant,  AChE-R 
(4).  AChE-S  and  AChE-E  are  well  known  and  quite  thoroughly  studied,  but  the  characterization 
of  AChE-R  lags  behind,  largely  because  it  is  normally  present  in  very  low  amounts.  In  order  to 
obtain  sufficient  quantities  of  this  protein,  we  have  tried  the  biopharming  approach,  and  have 
begun  by  creating  a  line  of  transgenic  mice  that  secrete  the  variant  in  their  milk  and  muscle.  Even 
so,  the  very  limited  quantities  of  the  enzyme  that  are  thus  available  allow  only  an  initiation  of  its 
biochemical  characterization. 

AChE-R  is  of  particular  interest  because  its  synthesis  is  up-regulated  under  stress,  exposure  to 
inhibitors  of  AChE  and  head  injury  (5-8).  Unlike  AChE-S  and  AChE-E,  it  is  only  monomeric 
and,  thanks  to  its  hydrophilic  C-terminus,  it  is  soluble.  We  have  assumed  that  the  increase  in 
AChE-R  offers  short-term  protection  under  stress  and  AChE  inhibition  (5).  Its  long-term 
protection  from  stress-induced  neuropathology  was  subsequently  demonstrated  in  transgenic 
mice  (9).  However,  acute  excess  AChE-R  overexpression  was  shown  to  be  detrimental  following 
head  injury  (6).  We  now  report  that  AChE-R  has  its  own  distinctive  inhibitor  specificity  profile. 
This  demonstrates  involvement  of  the  C-terminus  of  AChE  variants  in  ligand  interactions. 

Methods 

Chemicals:  Human  AChE-E,  recombinant  human  AChE-S,  tetraisopropylpyrophosphoramide 
(iso-OMPA),  acetylthiocholine  (ATCh),  pyridostigmine,  tacrine  (Cognex™,  Parke 
Davis/Wamer-Lambert),  diisopropylfluorophosphonate  (DFP),  diethyl-p-nitrophenylphosphonate 
(paraoxon)  and  oxytocin  were  purchased  from  Sigma  Chemical  Co.  (St.  Louis,  MO,  USA). 
Rivastigmine  (Exelon™,  Novartis)  was  a  gift  of  Dr.  M.  Weinstock  (Jerusalem,  Israel).  Donepezil 
(Aricept™,  Pfizer)  was  purchased  commercially.  Monoclonal  mouse  anti-human  AChE 
antibodies  were  provided  by  Dr.  Norgaard-Pedersen  (Copenhagen,  Denmark).  Goat  anti-rabbit 
and  donkey  anti-mouse,  horseradish  peroxidase-conjugated  antibodies  and  ECL  detection  kit 
were  purchased  from  Santa  Cruz  Biotechnology  (Santa  Cruz,  CA,  USA). 

Transgenic  animals  included  FVB/N  mice  carrying  transgenic  human  (h)  AChE-S  cDNA  under 
control  of  the  proximal  600  bp  of  the  human  ACHE  promoter  (10),  transgenics  that  strongly 
express  hAChE-R  under  the  cytomegalovirus  (CMV)  promoter  (lines  45  and  70)  (9)  and  an 
additional  line  of  FVB/N  transgenics  expressing  a  truncated  protein,  hAChE-C,  that  retains  only 
the  core  common  to  all  variants,  also  under  the  CMV  promoter  (for  a  description  of  the  hAChE-C 
transgene,  see  ref.  11).  Confined  swim  stress,  anti-AChE  exposure  and  isolation  of  the  brain  of 
these  animals  were  as  described  (5);  homogenates  prepared  from  these  brains  were  kept  at  — 70;  C 
until  use. 

Milk  collection  was  from  nursing  mice  7  days  after  parturition.  Two  hr  following  separation 
from  their  pups,  the  dams  were  injected  with  0.3  I.U.  oxytocin.  Ten  min  later,  the  mammary 
glands  were  gently  massaged  and  milk  was  collected  in  a  capillary  tube,  diluted  1 :4  with  double 
distilled  water,  centrifuged  to  allow  removal  of  lipid  droplets  and  stored  at  — 20;  C. 
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AChE-R  antibodies:  Polyclonal  rabbit  antibodies  against  the  C-terminal  sequence  of  hAChE-R 
were  prepared  as  described  (9).  Because  of  the  extensive  homology  of  the  two  enzymes,  the 
antibody  cross-reacted  with  the  mouse  enzyme. 

AChE  activity  and  inhibitor  assays:  AChE  activity  measurements  and  inhibition  studies  were 
performed  in  tissue  homogenates  or  immunoadsorption-purified  enzyme  preparations,  as 
decribed  (11,12).  For  reversible  inhibitors  we  used  concentration  ranges  of  6  orders  of  magnitude 
and  calculated  Kj  values  by  the  method  of  Hobbiger  and  Peck  (13),  based  on  a  Km  value  of  0.14 
mM  ATCh  for  human  AChE  (9,14).  For  irreversible  inhibitors,  we  used  an  antibody — coated 
microtiter  plate  assay  as  described  (12).  Protein  concentrations  were  determined  using  the  Bio- 
Rad  DC  Protein  Assay  kit  (Bio-Rad  Laboratories,  Hercules,  CA,  USA).  Enzyme  rate  data  at  low 
substrate  concentration  were  used  to  determine  an  inhibitory  efficiency  for  the  irreversible 
inhibitors.  The  pseudo-first  order  inhibition  rate  constants  at  low  concentration  (i.e.  low 
compared  to  the  dissociation  constant,  Kj,  of  the  reversible  pre-reaction  enzyme-inhibitor 
complex)  are  divided  by  the  inhibitor  concentration;  this  is  the  inhibitory  efficiency ,  k/K„ 
where  k,  is  the  true  first  order  rate  constant  for  the  conversion  of  the  reversible  enzyme-inhibitor 
complex  to  the  irreversible  complex.  This  is  analogous  to  the  treatment  used  to  obtain  the 
bimolecular  rate  constant  for  enzyme-substrate  interaction,  often  called  the  catalytic  efficiency, 
kcat/Km-In  cases  where  the  rate  constants  had  been  determined  by  other  laboratories  (14,15),  the 
values  we  present  are  close,  but  identity  cannot  be  expected  because  of  the  very  different 
methods  of  their  measurement. 

Polyacrylamide  gel  electrophoresis:  Denaturing  polyacrylamide  gel  electrophoresis  and 
blotting  were  performed  as  described  (16)  using  the  noted  antibodies  and  histochemical  staining 
procedure.  Immunoblot  analysis  was  as  detailed  (9).  Immunodetection  was  with  pooled  goat 
anti-mouse  and  anti-human  AChE  antibodies,  directed  to  an  N-terminal  sequence  common  to  the 
different  variants  (N-19  and  E-19;  Santa  Cruz  Biotechnology)  or  to  the  C-terminal  sequence 
unique  to  hAChE-R  (see  above). 

Sucrose  gradient  ultracentrifugation  was  performed  with  20-80  jul  samples  containing  a  total 
AChE  activity  sufficient  to  achieve  a  AA405  of  approx.  2.4/min  in  the  Ellman  assay.  This  amount 
of  activity  enabled  the  analysis  of  the  more  dilute  sedimentation  fractions.  Muscle  extracts  were 
loaded  with  high  salt  buffer  and  somatosensory  cortex  extracts,  with  low  salt  buffer.  Samples 
were  applied  to  12  ml  5-20%  linear  sucrose  density  gradients.  Ultracentrifugation  was  for  20  hr  at 
240,000  x  g  and  4j  C  in  the  presence  of  bovine  catalase  (Sigma)  as  a  sedimentation  marker  (1 1.4 
S).  Fractions  were  collected  in  96-well  microtiter  plates  and  assayed  for  AChE  activity 
essentially  as  described  above. 

Results 

Several  lines  of  transgenic  mice  were  screened  for  the  level  of  muscle  AChE  and  for  their 
secretion  of  the  AChE  variants  in  milk  (Table  1).  For  AChE-R,  the  highest  expressor,  line  70, 
was  chosen  for  subsequent  studies. 

In  vivo  production  of  AChE-R  in  transgenic  mice:  CMV-controlled  expression  in  muscle  of 
transgenic  AChE-C  and  AChE-R  mice  was  46-  and  350-fold  higher,  respectively,  than  in  the 
muscle  of  non-transgenic  control  mice  (Table  1).  No  increase  in  milk  AChE  activity  was 
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observed  in  AChE-S  transgenics,  where  the  proximal  human  ACHE  promoter  limits  expression  to 
the  nervous  system  (10).  In  contrast,  milk  enzyme  activities  were  up  to  14-  and  230-fold  higher 
than  controls  in  AChE-C  and  AChE-R  pedigrees,  respectively  (Table  1).  In  AChE-S  transgenics, 
muscle  AChE  comprises  both  the  host  AChE-R  and  host  and  transgenic  AChE-S  (8).  In  AChE-R 
transgenics,  either  muscle  or  milk,  in  comparison,  contained  almost  exclusively  the  transgenic 
enzyme  (Fig.  1)  and  presented  signal  to  noise  ratios  sufficiently  high  for  testing  inhibitor 
sensitivities  of  the  AChE-R  protein.  Preincubation  (10  min)  of  AChE-S  or  AChE-E  with  normal 
milk  at  the  same  dilution  as  that  used  in  the  assay  of  transgenic  milk  yielded  the  same  activity 
and  resulted  in  inhibition  profiles  indistinguishable  from  those  of  unmixed  AChE  preparations,  as 
did  preincubation  with  saline  (data  not  shown),  indicating  that  milk  contains  no  AChE  inhibitor. 
The  enzyme  activity  in  these  tissues  was  stable  with  time  and  under  freezing  and  thawing,  which 
enabled  accumulation  of  enzyme  preparations  for  testing. 

AChE  variants  are  subject  to  tissue-specific  post-transcriptional  modifications:  Non¬ 
denaturing  gel  electrophoresis  followed  by  cytochemical  staining  for  catalytic  activity  revealed  a 
diffuse  fast-migrating  band  for  AChE-R  in  transgenic  milk,  which  was  absent  in  the  milk  of 
control  mice  (Fig.  1A).  Muscle  homogenates  showed  marked  heterogeneity  of  staining,  with  2 
major  diffuse  bands,  both  different  from  the  milk  enzyme.  This  suggested  tissue-specific  post- 
transcriptional  and/or  post-translational  modification.  The  transgene  that  expresses  AChE-R  also 
includes  exon  5,  which  produces  the  C-terminal  sequence  characteristic  of  AChE-E  (9).  This 
raised  the  possibility  that  the  slower  migrating  band  in  muscle  homogenates  represented  AChE-E 
dimers  produced  by  alternative  splicing  of  the  transgene.  That  purified  AChE-E  migrated  yet 
more  slowly,  again  indicated  tissue  specificity  for  the  post-translational  processing  of  AChE-S  as 
compared  with  AChE-E,  consistent  with  the  variable  AChE  glycosylation  reported  by  others 
(19).  Recombinant  AChE-S  from  HEK293  cells  (20)  migrated  yet  more  slowly  (not  shown),  as 
did  mouse  brain  AChE,  primarily  composed  of  AChE-S;  and  plasma  BuChE  presented  a 
relatively  sharp  band  of  the  same  mobility  as  AChE-E.  A  faint  parallel  band  in  the  mouse  milk 
probably  represents  the  endogenous  enzyme,  as  AChE  is  known  to  be  secreted  in  milk  (21). 

Transgenic  milk  and  muscle  AChE  variants  display  distinct  electrophoretic  mobilities  and 
multimeric  structure:  When  subjected  to  electrophoresis  under  denaturing  conditions  followed 
by  reaction  with  an  antibody  directed  to  the  common  core  of  AChE  variants,  muscle 
homogenates  from  AChE-R  transgenic  mice  revealed  2  bands,  of  62  and  70  kD  (Fig.  IB).  The 
low  level  of  endogenous  AChE  in  control  muscle  escaped  detection  by  this  antibody.  Two  major 
proteins  were  labeled  in  mouse  milk,  probably  because  of  their  high  concentration,  yet  a  third  62 
kD  band,  not  detected  by  Ponceau  staining,  appeared  only  in  the  milk  of  AChE-R  transgenics, 
suggesting  that  it  is  AChE-R.  Finally,  recombinant  AChE-S  yielded  a  single  band  of  70  kD. 
Also,  a  selective  polyclonal  rabbit  antibody  targeted  to  the  AChE-R  C-terminus  detected  a  66  kD 
protein  present  in  the  milk,  and  muscle  of  Tg  mice  as  well  as  in  extracts  of  AChE-R-producing 
COS  cells.  Cross-reactivity  with  host  mAChE-R  was  observed  in  milk,  but  not  muscle,  and  a 
short  degradation  product  appeared  in  COS  cells  (Fig.  IB), 

Sucrose  gradient  sedimentation  profiles  (Fig.  2)  indicated  that  milk  AChE-R  and  AChE-C  are 
monomeric,  with  a  relatively  long  shoulder  in  the  AChE-R  samples  that  could  reflect  significant 
interactions  with  additional,  yet  unknown  macromolecules.  Monomeric  structure  is  consistent 
with  AChE-R  and  AChE-C,  each  of  which  lacks  the  cysteine  residue  at  its  C-terminus,  being 


4 


unable  to  form  disulfide-bridged  dimers.  When  subjected  to  immunoblot  analysis,  isolated 
fractions  from  the  G1  peak  were  immunopositive  for  both  a  specific  anti-AChE-R  antibody,  i.e. 
an  antibody  generated  against  the  unique  C-terminal  sequence  of  AChE-R,  and  an  anti-AChE-C 
antibody.  In  contrast,  protein  samples  from  the  considerably  smaller  peak,  including  G2  material, 
reacted,  albeit  faintly,  with  only  the  anti-AChE-C  antibody  (Fig.  2,  inset).  This  suggested  that  the 
dimeric  enzyme  did  not  include  AChE-R;  rather,  this  analysis  indicated  that  the  G2  dimers  in  the 
muscle  of  AChE-R  transgenic  mice  most  likely  originated  from  AChE-E-containing  transcripts  in 
the  muscle  tissue. 

The  inhibitor  sensitivities  of  AChE-R  are  reflected  in  ex  vivo  tests:  The  normally  rare  AChE- 
R  isoform  accumulates  in  the  mammalian  brain  following  exposure  to  anti-cholinesterases  (anti- 
ChEs)  (7,8)  or  stress  (5).  An  increase  in  monomeric  AChE  may  represent  an  accumulation  of 
AChE-R  in  the  stressed  brain.  This  was  tested  by  sucrose  gradient  centrifugation.  Similar 
volumes  of  1:10  (w/v)  brain  homogenates  from  AChE-R  or  AChE-S  transgenics,  untreated  and 
stressed  control  mice  revealed  more  intense  immunolabeled  bands  with  anti-AChE  antibodies 
and  higher  hydrolytic  activities  in  transgenics  and  stressed  mice.  In  addition,  different  ratios  were 
observed  between  monomers  and  tetramers  in  transgenic  or  stressed  as  compared  to  control  mice 
(Fig.  3).  The  striking  increase  in  the  monomeric  fraction  following  stress  (with  the  G1:G4  ratio 
increasing  from  0.14  to  1.05)  indicated  a  massive  accumulation  of  the  AChE-R  protein  in 
stressed  brain.  In  comparison,  G1:G4  ratios  in  AChE-R  and  AChE-S  transgenics  were  0.65  and 
0.12,  respectively. 

The  AChE-R  protein  could  constitute  only  part  of  the  brain  s  acetylcholine-hydrolyzing  activity, 
even  in  AChE-R  transgenic  mice  and  certainly  in  the  post-stress  brain  of  normal  mice.  However, 
when  we  tested  two  AChE  inhibitors  on  brain  extracts  of  AChE-R  transgenic,  stressed  and 
control  mice,  we  found  significant  differences  in  IC5o  values.  Sensitivity  to  rivastigmine  in  the 
brain  of  stressed  or  AChE-R  transgenic  mice  was  2  times  higher  than  in  control  mice,  with  IC50 
values  of  36  -  2,  39  -  1 1  and  78-8  M,  respectively.  In  contrast,  sensitivities  of  all  cortex 
preparations  to  donepezil  were  similar  (Fig.  3C).  We  suspected  that  these  differences  were  the 
result  of  the  different  proportions  of  AChE  variants  in  the  AChE-R  transgenic  and  stressed 
normal  vs.  the  unstressed  control  mouse  brains.  This  hypothesis  was  further  tested  with  a  variety 
of  AChE  inhibitors  using  milk  from  AChE-R  transgenic  mice,  the  most  enriched  source  of  this 
variant. 

AChE-R  displays  inhibitor  sensitivities  distinct  from  other  variants:  Inhibition  studies  of 
human  AChE-R  from  transgenic  mouse  milk  or  muscle,  where  this  enzyme  constitutes  the  largest 
AChE  fraction,  revealed  clearer  differences  between  this  variant  and  AChE-E  or  AChE-S 
purified  from  human  red  blood  cells  and  transfected  HEK  293  cells,  respectively.  Fig.  4  presents 
the  inhibition  curves  for  the  different  agents.  These  inhibition  curves  appeared  similar  for  AChE- 
R  from  muscle  and  milk  (data  not  shown),  and  Table  2  presents  the  inhibition  constants  for  the 
variant  enzymes  with  reversible  and  irreversible  (including  very  slowly  reversible)  inhibitors. 
Note  that  activity  in  the  presence  of  an  irreversible  inhibitor  depends  upon  the  time  of  incubation, 
whereas  the  kinetic  constants  are  not  so  dependent.  To  minimize  possible  artifacts  due  to  the  use 
of  different  sources  of  the  studied  AChE  isoforms,  we  enriched  the  tested  enzyme  by 
immunoadsorption  to  immobilized  selective  antibodies.  Using  this  approach,  we  found  AChE-S 
to  be  more  sensitive  to  the  peripheral  site  inhibitor  propidium  than  AChE-E  or  AChE-R. 
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Conversely,  AChE-R  was  more  sensitive  than  AChE-S  to  rivastigmine  and  paraoxon.  The  greater 
sensitivity  of  AChE-R  to  rivastigmine  is  consistent  with  the  observed  selective  affinity  of 
rivastigmine  for  soluble  brain  AChE  monomers  (22),  as  AChE-R  exists  only  as  monomers.  It  is 
also  consistent  with  the  observed  sensitivity  of  AChE  monomers  from  rat  hippocampus  to  this 
drug  (23).  Finally,  both  tacrine  and  donepezil  inhibited  the  3  natural  AChE  variants  to  the  same 
extent  (Table  2  and  Fig.  4),  corroborating  the  conclusions  drawn  from  our  brain  enzyme  analyses. 

Inhibition  of  AChE-R  is  affected  by  the  presence  of  its  unique  C-terminal  sequence:  We 

were  interested  in  determining  the  role  of  the  C-terminal  sequence  of  AChE-R  in  the  variant  s 
inhibitor  sensitivity.  A  priori,  the  observed  inhibitor  sensitivity  of  AChE-R  could  reflect  (a)  the 
sensitivity  of  the  core  AChE  protein,  with  the  C-terminal  peptide  of  AChE-R  contributing 
nothing  to  this  sensitivity,  and/or  (b)  the  C-terminal  peptides  of  each  of  the  variants  may 
characteristically  affect  inhibitor  interactions.  To  resolve  these  possibilities  we  compared  the 
inhibition  constants  of  AChE-R  and  AChE-S  with  those  of  AChE-C  for  DFP,  rivastigmine, 
paraoxon  and  pyridostigmine  (Table  2).  The  characteristic  C-termini  of  the  natural  AChE  variants 
appeared  in  these  analyses  to  affect  the  kinetics  of  their  interactions  with  inhibitors.  Furthermore, 
AChE-R  was  inhibited  more  efficiently  than  AChE-S  by  DFP  and  rivastigtmine.  In  the  case  of 
rivastigmine,  AChE-R  was  more  sensitive  than  either  AChE-S  or  AChE-C;  in  the  case  of 
paraoxon,  AChE-R  was  again  more  sensitive  than  AChE-S,  and  was  as  sensitive  as  AChE-C.  We 
conclude,  therefore,  that  all  of  the  3  C-termini  can  affect  the  inhibition  of  the  enzyme  and  that 
these  effects  may  be  either  positive  or  negative.  In  contrast,  substrate  affinities  were  not 
dissimilar  among  the  variants.  All  showed  apparent  Km  values  close  to  0.2  mM  for  ATCh.  the  K, 
that  characterizes  substrate  inhibition  was  also  similar  for  the  AChE-S,  -R  and  -C  variants,  2.7, 
2.3  and  1 .3  mM,  respectively.  Comparison  of  AChE-R  and  AChE-S  with  AChE-C  indicates  that 
the  C-terminus  must  interact  with  or  affect  the  architecture  of  the  substrate-binding  site,  either  by 
imposing  a  conformational  change  on  the  core  of  the  protein,  or  through  a  direct  effect  of  the  C- 
terminal  residues  on  the  access  of  substrates  or  inhibitors  to  the  active  site. 

Discussion 

Using  three  different  lines  of  transgenic  mice  that  overexpress  the  human  splice  variants  of 
AChE,  we  found  that  the  CMV  promoter  directs  expression  in  muscle  and  milk  and  generates 
sufficient  AChE-R  or  AChE-C  for  initiating  their  neurochemical  characterization.  Using  muscle 
and  milk  of  transgenic  mice  that  over-produce  the  different  human  AChE  variants,  we  observed 
significant  differences  in  their  electorphoretic  mobilities,  sensitivities  to  some  inhibitors  and  in 
their  degree  of  multimerization. 

The  gradient  centrifugation  studies  show  that  AChE-R  is  only  monomeric,  confirming  what  was 
suspected  on  the  basis  of  its  lacking  the  cysteine  residue  by  which  AChE-S  dimerizes,  or  the 
glycyl-glutamyl  bond  of  the  C-terminal  sequence  of  AChE-E  where  a  GPI  moiety  is  inserted  by 
transamidation.  Being  monomeric,  the  AChE-R  variant  is  more  able  to  diffuse  to  non-synaptic 
sites,  where  it  may  play  an  important  physiological  role.  This  is  compatible  with  our  previous 
electrophysiological  analyses  (5,24),  which  demonstrated  suppression  of  the  stress-induced 
neuronal  hyperexcitation  in  conjunction  with  AChE-R  overproduction.  To  that  end,  our  sucrose 
gradient  analyses  extend  previous  qualitative  reports  that  AChE-R  activity  increases  under  stress 
(5).  Thus,  a  30%  increase  in  AChE  activity  in  the  brain  of  AChE-R  transgenics  leads  to  a  G1:G4 
ratio  of  0.65,  but  90  min  post-stress,  this  ratio  is  even  higher  at  1.05.  AChE-R  may,  therefore, 
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represent  over  a  third  of  the  brain  enzyme  in  the  post-stress  state.  Interestingly,  it  has  been 
observed  that  the  fraction  of  AChE  monomers  increases  also  in  Alzheimer  s  disease  (25),  and 
following  organophosphate  exposure  (26),  both  of  which  may  be  due  to  AChE-R  overproduction. 

During  stress,  there  is  a  wave  of  acetylcholine  secretion,  and  the  physiological  benefit  of 
increased  AChE  at  such  times  is  apparent;  the  benefit  of  long-term  up-regulation  of  AChE-R  is 
less  apparent,  but  may  be  related  to  the  non-classical  actions  of  the  protein.  On  theoretical 
grounds,  a  soluble  AChE  can  interfere  with  cell  adhesion  effected  by  AChE-like  proteins  (27) 
because  AChE  is  homologous  with  the  extracellular  domains  of  a  family  of  cell  adhesion  proteins 
that  includes  insect  neurotactins  (28)  and  mammalian  neuroligins  (29).  By  replacing  its  homolog 
in  interaction  with  a  binding  partner  on  a  neighboring  cell,  AChE-R  would  interrupt  the 
attachment  of  two  cells  that  depends,  for  instance,  on  a  neurexin-neuroligin  interaction.  In  fact,  it 
has  been  shown  in  vitro  that  the  core  of  AChE  can  replace  neurotactin  in  a  cell-adhesion  model 
(30).  This  non-catalytic  activity  may  restructure  glutamatergic  neurotransmission  circuits,  as 
neuroligin  is  apparently  localized  to  excitatory,  probably  glutamatergic  synapses  (31),  where  the 
easily  accessible  AChE-R  variant  may  affect  its  synaptic  interactions.  As  the  AChE-R 
concentration  in  the  synapse  increases  in  response  to  stress,  it  is,  therefore,  possible  that  the  non- 
catalytic  actions  of  AChE-R  alter  glutamatergic  neurotrasnsmission  in  the  post-stress  brain. 

In  conclusion,  AChE-R  has  distinctive  structural  properties  and  inhibitor  specificities  that  may  be 
physiologically  and  clinically  significant  following  anti-AChE  exposure,  under  chronic  anti- 
AChE  treatment  such  as  for  Alzheirmer  s  disease  or  myasthenia  gravis,  or  under  acute 
psychological  stress. 
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Fig.  1.  AChE-R  transgenic  mice  produce  characteristic 
AChE  variants  in  muscle  and  milk. 

A.  Activity  gel.  Samples  of  ChEs  (activity  of  AA405  of 
approx.  0.0004/min  in  the  Ellman  assay)  were 
electrophoresed  on  non-denaturing  polyacrylamide  gels.  ChE 
activity  was  detected  using  the  Kamovsky  method  (18). 
Shown  are  (left  to  right):  human  serum  BuChE;  AChE-S  from 
transgenic  mouse  brain;  AChE-E  from  human  erythrocytes; 
milk  and  gastrocnemius  muscle  extracts  from  AChE-R 
transgenic  (tg)  and  control  (ct)  mice.  Upper  bands  (upper 
arrows)  are  slowly  migrating  AChE-E.  Lower  bands  (lower 
arrows)  denote  AChE-R.  The  different  mobilities  are 
probably  due  to  different  post-translational  processing. 

B.  Immunodetection  of  recombinant  human  AChE  in  milk 
and  muscle  of  transgenic  mice.  Right:  Immunoblot;  samples 

of  milk  and  muscle  extracts  (40  pg  protein)  from  AChE-R  transgenic  and  control  mice,  and 
purified  recombinant  AChE-S  (6  I.U.)  were  subjected  to  8%  denaturing  gel  electrophoresis  and 
blotted  onto  nitrocellulose  filters,  then  reacted  with  monoclonal  antibodies  raised  against 
denatured  AChE-C  (core)  and  with  horseradish  peroxidase-conjugated  goat  anti-mouse  IgG  and 
subjected  to  chemiluminescent  detection.  Two  bands  (72  and  54  kD)  appear  both  in  transgenic 
and  non-transgenic  milk.  The  upper  band,  stained  by  the  Ponceau  reagent,  co-migrates  with 
mouse  serum  albumin,  which  is  abundant  in  mouse  milk.  However,  a  62  kD  band,  the  size  of  the 
AChE-R  protein,  appears  in  the  milk  and  muscle  of  AChE-R  transgenic,  but  not  control  mice.  In 
the  transgenic  muscle,  an  additional  band  of  70  kD  was  detected,  but  not  in  non-transgenic 
muscle.  A  single  62  kD  protein  was  identified  in  both  muscle  and  milk  of  hAChE-R  Tg  mice  by  a 
polyclonal  anti- AChE-R  antibody  that  also  labeled  a  fainter  co-migrating  band  in  the  milk  of 
control  mice  and  revealed  the  existence  of  a  rapidly-migrating  product  in  the  extract  of  hAChE- 
R-expressing  COS  cells  (right).  Left:  Ponceau  staining  of  the  proteins  on  the  nitrocellulose  filter. 

Fig.  2.  Sedimentation  profiles  of  variant  AChEs  from  milk  and 
muscle  of  female  transgenic  mice 

Presented  is  1  of  4  replicate  sets  of  sedimentation  profiles  in  5-20% 
sucrose  gradients  of  AChE  activities  from  milk  and  whole 
gastrocnemius  extract  from  mice  expressing  the  AChE-R  transgene 
and  of  milk  from  mice  expressing  AChE-C.  All  sedimentation 
profiles  were  aligned  with  bovine  catalase  as  a  marker  (11.4  S), 
(arrrow).  Note  the  prominent  peak  of  the  monomer  (Gl),  in  milk  of 
transgenics  expressing  either  AChE-R  or  AChE-C.  An  additional 
shoulder  of  AChE-E  dimers  (G2)  is  detectable  in  muscle  from 
AChE-R  transgenics.  Inset:  immunoblot  film,  for  Gl  and  G2 
gradient  peaks.  The  antibodies  employed  were  targeted  to  AChE-R 
(9)  (left)  or  AChE-C,  the  sequence  common  to  all  variants  (right). 
Note  that  the  Gl  peak  reacts  with  both  antibodies,  which  identifies 
it  as  AChE-R,  whereas  the  considerably  smaller  G2  peak  is 
immunopositive  only  with  the  anti-core  antibody,  suggesting  that  it 

represents  AChE-E  dimers. 
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stress  kD 

•  I  -  92 


transgenies 


a  TgR  pig  2.  Transgenic-  and  stress-induced  alterations  in 

control  Iine45  line 7o  TgS  ^stress  kD^  brain  AChE  sedimentation  profiles  and  inhibitor 

sensitivities 

Kl  ^  MQ  A.  Immunoblot  for  cortical  homogenates  from 

H  “  67  transgenies  and  control  and  stressed  control  mouse 
brains.  The  antibody  was  targeted  to  the  common  core 
48  domain  of  human  AChE;  the  multi-band  signal  obtained 

R  FVB/N  transgenies  „  1  i 

with  this  antibody  in  control  mouse  samples 
demonstrates  massive  cross  reactivity  with  the  mouse 
enzyme.  Note  the  altered  immune  reactions  with 
homogenates  of  the  brains  from  transgenies  expressing 
AChE-R  (TgR)  or  AChE-S  (TgS),  as  well  as  from  the 
stressed  brain. 

B.  Shown  is  1  of  4  sets  of  sedimentation  patterns  of 
AChE  activity  from  the  somatosensory  cortices  of 
untreated  and  90  min  post-stress  control  mice  and  from 
untreated  AChE-S  and  -R  transgenic  mice.  The  total 
AChE  activity  of  the  control  preparation  was  1 .0  -  0.2; 
for  the  stressed  group,  1.1  -  0.2;  for  the  AChE-S 
transgenies,  1.5  -  0.3;  and  for  the  AChE-R  transgenies, 
s  is  s  is  1.4  -  0.2  nmol/min/mg  wet  tissue  weight.  The  G1 

- sedimentation  — - activities  were:  control,  0.12;  stress  0.56;  AChE-S 

a;f  transgenic,  0.16  and  AChE-R  transgenic,  0.55 

Si  „  \\  nmol/min/mg  wet  tissue  weight.. 

6j|  * ache-r  \  XX  Shown  are  inhibition  curves  of  pooled 

0  \  somatosensory  cortex  homogenates  (n  =  4  in  each  case), 

1  -9  inhibitor,  iog[M]  '3  closely  similar  in  dilution,  of  the  above  model  systems 

(control  and  stressed  control  mice  and  AChE-R  transgenies).  Inhibition  was  with  increasing 
doses  of  donepezil  and  rivastigmine.  Note  the  increased  sensitivity  to  the  latter  in  experimental, 
as  compared  to  control,  samples. 


is 

sedimentation 


y  donepezil  <w=r — 

-q _ _  rivastigmine 

o  control 

A 

•  stress  ^ 

O  AChE-R  >» 

inhibitor,  log[M] 
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g.  4.  AChE  from  transgenic  AChE-R  mouse  milk  displays  high  sensitivity  to  inhibitors 

AChE  from  the  milk  of  AChE-R  transgenic  mice,  human  red  blood  cells  (RBC-hAChE-E)  and 
human  recombinant  AChE-S  (hrAChE-S)  were  pre-incubated  for  10  min  with  the  indicated 
concentrations  of  inhibitors  in  Ellman  s  reagent  and  AChE  activity  was  measured.  Data  are 
presented  for  each  AChE  isoform  as  percent  of  uninhibited  activity.  Note  that  milk  AChE-R,  as 
expressed  in  AChE-R  transgenic  mice  (open  circles),  is  more  sensitive  to  the  organophosphate 
paraoxon  and  to  the  carbamate  inhibitor  rivastigmine  than  are  the  other  AChE  variants;  AChE-R 
displays  the  same  sensitivity  as  AChE-S  and  AChE-E  to  pyridostigmine  and  tacrine,  and  is  less 
sensitive  than  AChE-E  to  propidium.  Note  also  that  the  range  of  the  abscissae  for  the  upper  4 
panels  is  shown  above  them,  and  for  the  lower  4,  below  them. 


Table  1.  Production  of  human  AChE  variants  in  milk  of  transgenic 
mice3  _ _ 


promoter 

protein 

milk  total 
ChE  activity 

milk’AChE 

activity1* 

muscle  AChE 
activity1* 

human 

AChE-S 

3.9 -0.2 

0.5  -  0.2 

35.9-  1.3C 

CMV 

AChE-C 

13-2 

7.1  -0.6 

352  -  59d 

CMV 

AChE-R  (line  45) 

11  -  1 

7.4 -0.3 

190-  23e 

CMV 

AChE-R  (line  70) 

121  -4 

115-4.0 

2700 -250e 

control 

4.1  -0.4 

0.5 -0.3 

7.6  -  0.6e 

“Activity  is  expressed  as  nmol  ATCh/min/ 1  (milk)  or  /mg  protein 
(muscle)  -  s.d. 

^Activity  determined  in  the  presence  of  10‘5  M  iso-OMPA. 
cData  taken  from  Andres  et  al.  (17). 

dValues  from  2  male  mice  (personal  communication  from  T.  Evron, 
Jerusalem). 

eData  taken  from  Stemfeld  et  al.  (9). 
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Table  2.  Inhibitor  affinities 

A.  Kj  values  (  M)  of  human  AChE  variants  for  reversible 
inhibitors3 

donepezil  tacrine  propidium 


AChE-R  0.098  -  0.01 1  0.034  -  0.002 

AChE-S  0.18-  0.02  0.040  -  0.003 

AChE-E  0.19-0.001  0.046-0.007 


1.3 -0.2 
0.32-0.04 
2.9 -0.6 


B.  Inhibitory  efficiency  (k/Kj,  min'1  M'1)  of  irreversible 


inhibitors15 

DFP 

paraoxon 

pyridostigmine  rivastigmin 

AChE-S 

0.02 

0.51 

6.5 

0.008 

AChE-R 

0.12 

1.08 

12.4 

0.034 

AChE-C 

0.07 

1.06 

11.8 

0.021 

aThe  source  of  AChE-R  was  transgenic  mouse  milk  and  of  AChE- 
S,  commercial  human  recombinant  and  commercial  human 
erythrocyte  enzymes.  The  experiments  were  performed  in 
triplicate;  values  are  -  s.d. 

bFor  the  determination  of  kj/Kj,  see  Methods.  The  source  of 
AChE-R  and  AChE-C  was  milk  from  the  corresponding 
transgenic  mice,  and  AChE-S  was  the  commercial  human 
recombinant  enzyme.  Note  that  assays  were  performed  on 
immobilized  immunoadsorbed  enzyme  preparations  to  minimize 
background  artifacts. 
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Abstract 

The  neuromuscular  weakness  associated  with  myasthenia  gravis  (MG)  can  be  transiently 
relieved  by  pharmacological  inhibitors  of  acetylcholinesterase  (AChE).  Here,  we  expand  the 
anticholinesterase  repertoire  to  include  partially  2’-oxymethyl-protected  antisense 
oligonucleotides  (AS-ONs)  targeted  to  AChE  mRNA.  In  rats  with  experimental  autoimmune 
myasthenia  gravis  (EAMG),  normal  response  to  repetitive  nerve  stimulation  was  sequence 
and  dose-dependently  restored  for  up  to  several  weeks  following  repeated  oral  administration 
of  1  to  20  nmol  doses  of  AS-ON.  This  was  accompanied  by  marked  improvement  in  stamina 
and  disease  symptoms  and  the  selective  suppression  of  the  alternatively  spliced  AChE-R 
mRNA  variant  and  its  protein  product.  In  plasma  from  both  EAMG  rats  and  human  MG 
patients,  the  elevated  levels  of  AChE-R,  attribute  a  previously  unsuspected  role  to  this  splice 
variant  in  MG  pathophysiology,  suggesting  its  detection  as  a  peripheral  surrogate  marker  for 
MG  monitoring  and  highlighting  the  potential  advantages  of  AS-ON  gene-targeted  drug 
therapy  for  treating  this  chronic  neuromuscular  disorder. 

Key  words 

acetylcholinesterase 
electromyograph 
serologic  tests 
stress 

Introduction 

Myasthenia  gravis  (MG)  is  caused  by  a  defect  in  neuromuscular  transmission  caused  by 
autoantibodies  that  severely  reduce  the  number  of  functional  post-synaptic  muscle  nicotinic 
acetylcholine  receptors  (nAChR)  (1,2).  MG  is  characterized  by  fluctuating  muscle  weakness 
that  may  be  transiently  improved  by  inhibitors  of  acetylcholinesterase  (AChE)  (3).  The 
diagnostic  electrophysiological  abnormality  is  a  progressive,  rapid,  decrement  in  the 
amplitude  of  compound  muscle  action  potentials  (CMAP)  evoked  by  repetitive  nerve 
stimulation  at  3  or  5  Hz.  To  date,  the  standard  treatment  for  MG  includes  immunosuppression 
combined  with  chronic  administration  of  multiple  daily  doses  of  peripheral  AChE  inhibitors 
such  as  pyridostigmine  (Mestinon™)  (3).  While  AChE  inhibitors  effectively  restore  muscle 
performance  in  MG  patients,  the  effect  is  short-lived,  calling  for  the  development  of  more 
effective  treatment. 

Antisense  technology  offers  an  attractive,  gene-based  alternative  to  conventional 
anticholinesterase  therapeutics.  It  exploits  the  rules  of  Watson-Crick  base  pairing  to  design 
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15-25  residue  antisense  oligonucleotides  (AS-ONs),  whose  sequence  is  complementary  to  that 
of  a  target  mRNA  (4).  Stretches  of  double-stranded  oligonucleotide  sequences  resulting  from 
hybridization  of  the  AS-ON  with  its  target  are  substrates  for  RNAse  H  (5),  which  hydrolyzes 
the  RNA  of  AS-ON-mRNA  hybrids.  As  antisense  therapeutics  target  RNA  rather  than 
proteins,  they  offer  the  potential  to  design  highly  specific  drugs  with  effective  concentrations 
in  the  nanomolar  range  (6).  Both  phosphorothioated  and  3'  terminally  protected  2  -oxymethyl 
AS-ONs  targeted  to  AChE  mRNA  were  shown  effective  in  blocking  AChE  expression  in 
vitro  in  cultured  human  and  rodent  cells  (6-8),  and  in  vivo  in  brain  (9). 

Recently,  we  observed  that  treatment  with  the  irreversible  cholinesterase  inhibitor 
diisopropylfluorophosphonate  (DFP)  induces  overexpression  of  an  otherwise  rare,  non- 
synaptic  alternative  splicing  variant  of  AChE,  AChE-R,  in  brain  and  intestine  (10).  Muscles 
from  animals  treated  with  DFP  also  overexpressed  AChE-R,  accompanied  by  exaggerated 
neurite  branching,  disorganized  wasting  fibers  and  proliferation  of  neuromuscular  junctions 
(NMJs).  Partially  protected  2'-oxymethyl  AS-ON  targeted  to  AChE  mRNA  suppressed 
feedback  upregulation  of  AChE  and  ameliorated  DFP-induced  NMJ  proliferation  (11).  These 
observations  demonstrated  that  stress  induces  overexpression  of  AChE-R  in  muscle  and  that 
antisense  oligonucleotides  can  prevent  the  accumulation  of  such  AChE-R  excess.  Therefore, 
we  pursued  overexpression  of  AChE-R  in  EAMG  and  MG  and  developed  selective  antisense 
suppression  of  AChE-R,  which  induced  rapid  and  long-lasting  improvement  in  muscle 
function  of  EAMG  rats  in  a  sequence  and  dose-dependent  manner. 

Methods 

Human  MG  patients:  Serum  samples  from  anonymous  MG  patients  were  used  according  to 
the  guidelines  of  the  Hebrew  University’s  Bioethics  Committee. 

Materials:  Unless  otherwise  specified,  materials  were  purchased  from  Sigma  Chemical  Co. 
(St.  Louis,  MO). 

Animals:  EAMG  was  induced  in  female  Lewis  rats  (120-150  g)  purchased  from  the  Jackson 
Laboratory  (Bar  Harbor,  ME),  and  housed  in  the  Animal  Facility  at  the  Hebrew  University 
Faculty  of  Medicine,  in  accordance  with  NIH  guidelines.  Control  FVB/N  mice  were  bred 
from  the  FVB/N  strain  purchased  from  Harlan  Biotech  Israel  (Rehovot,  Israel).  Transgenic 
FVB/N  mice  overexpressing  AChE-R  were  as  described  (12). 

Oligonucleotides:  HPLC-purified,  GLP  grade  oligodeoxynucleotides  (purity  >90%  as 
verified  by  capillary  electrophoresis)  were  purchased  from  Hybridon,  Inc.  (Worchester,  MA). 
Lyophilized  oligonucleotides  were  resuspended  in  sterile  double  distilled  water  (24  mg/ml), 
and  stored  at  -20  °C.  The  three  3 ’-terminal  residues  in  all  of  the  employed  AS-ON  agents 
were  substituted  with  methyloxy  groups  at  the  2’  position.  The  primary  sequences  used  in  this 
study  were: 

rat  EN101  5’-CTGCAATATTTTCTTGCA*C*C*-3'; 

rEN102  5'-GGGAGAGGAGGAGGAAGA*G*G*-  3' ;  and 

inv-rEN102  5’-GGAGAAGGAGGAGGAGAG  G  G  -3’. 

(Asterisks  denote  2’-oxymethyl  protected  residues.) 

All  of  these  AS-ONs  are  complementary  or  inverse  to  the  coding  sequence  of  the  rat  AChE 
mRNA  sequence  common  to  all  variants  (13). 

Antibodies:  Rabbit  polyclonal  Abs  against  the  C-terminal  sequence  that  is  unique  to  AChE-R 
were  prepared  and  purified  as  described  (12).  Goat  polyclonal  anti-nAChR  (C-20,  S.C.-1448) 
Abs  were  from  Santa  Cruz  Biotechnology  (Santa  Cruz,  CA).  Biotinylated  donkey  anti-rabbit 
Ab  (Chemicon  International,  Temecula,  CA)  and  biotinylated  donkey  anti-goat  Ab  (Jackson 
ImmunoResearch  Labortories,  West  Grove,  PA)  were  used  as  secondary  antibodies. 
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Induction  of  EAMG:  The  Torpedo  acetylcholine  receptor  (tAChR)  was  purified  from  T. 
californica  electroplax  by  affinity  chromatography  on  neurotoxin-Sepharose  resin,  as 
previously  described  (14).  Rats  were  immunized  with  40  (ig  of  purified  tAChR  emulsified  in 
CFA  supplemented  with  1  mg  of  M.  tuberculosis  H37Ra  (Difco,  Detroit  MI).  Subcutaneous 
injection  in  the  hind  footpads  was  followed  by  a  booster  injection  of  the  same  amount  after  30 
d.  A  third  injection  was  administered  to  animals  that  did  not  develop  EAMG  after  the  second 
injection.  Animals  were  weighed  and  inspected  weekly  during  the  first  month,  and  daily  after 
the  booster  immunization,  for  evaluation  of  muscle  weakness.  The  muscle  weakness  status  of 
the  rats  was  graded  according  to:  apparently  healthy  -  Without  definite  weakness  (treadmill 
running  time,  23  ±  3  min).  Mild  -  weight  loss  >10%  during  a  week,  accompanied  by  weak 
grip  or  audible  complaint  with  fatigue  (4-8  min  run  on  the  treadmill).  Moderate  -  hunched 
posture  at  rest,  head  down  and  forelimb  digit  flexed,  tremulous  ambulation  (1-3.5  min  run  on 
treadmill).  Severe  -  general  weakness,  no  audible  complaint  or  grip  (treadmill  running  time 
<1  min). 

Anti-AChR  Ab  determination:  Sera  from  EAMG  animals  and  MG  patients  were  assayed  by 
direct  radioimmunoassay,  for  125I-a-bungarotoxin  (BgT)  binding  to  tAChR  or  rat  (r)  AChR 
(14,  15).  All  the  EAMG  rats  displayed  high  anti-tAChR  and/or  anti-rAChR  titers,  with  serum 
mean  ±  SEM  values  of  82.1  ±  16.0  nM  for  anti-tAChR  antibodies  and  19.9  ±  1.8  nM  for  anti- 
rAChR. 

Quantification  of  nAChR:  AChR  concentration  in  the  gastrocnemius  and  tibialis  muscles 
was  determined  using  125I-a-BgT  binding  followed  by  precipitation  in  saturated  ammonium 
sulfate  as  described  previously  (16). 

Electromyography:  Rats  were  anesthetized  by  i.p.  injection  of  2.5  mg/Kg  pentobarbital, 
immobilized,  and  subjected  to  repetitive  sciatic  nerve  stimulation,  using  a  pair  of  concentric 
needle  electrodes  at  3  Hz.  Baseline  compound  muscle  action  potential  (CMAP)  was  recorded 
by  a  concentric  needle  electrode  placed  in  the  gastrocnemius  muscle,  following  a  train  of 
repetitive  nerve  stimulations  at  supramaximal  intensity.  Decrease  (percent)  in  the  amplitude 
of  the  fifth  vs.  the  first  muscle  action  potential  was  determined  in  two  sets  of  repetitive 
stimulations  for  each  animal.  A  reduction  of  7%  or  more  was  considered  indicative  of 
neuromuscular  transmission  dysfunction  (15). 

Drug  administrations:  Intravenous  injections  and  blood  sampling  for  anti-nAChR  Ab 
determination,  were  via  the  right  jugular  vein  under  anesthesia.  For  oral  administration,  a 
special  intubation  feeding  curved  needle  with  a  ball  end  (Stoelting,  Wood  Dale,  IL)  was  used. 
Mestinon,  administered  in  a  dose  of  1  mg/Kg  per  day,  was  purchased  from  Hoffmann  La- 
Roche  (Basel,  Switzerland). 

Exercise  training  on  treadmill:  To  establish  a  physiological  measure  of  neuromuscular 
performance  in  EAMG  rats,  animals  were  placed  on  an  electrically  powered  treadmill  (17) 
running  at  a  rate  of  25  m/min,  a  physical  effort  of  moderate  intensity,  until  visibly  fatigued. 
The  time  the  rats  were  able  to  run  was  recorded  before  and  at  the  noted  times  after  AS-ON  or 
Mestinon  treatment. 

In  situ  hybridization  was  performed  with  fully  2'-oxymethylated  AChE-R-or  AChE-S- 
specific  50-mer  cRNA  probes  complementary  to  pseudointron  4  or  exon  6,  respectively,  in 
the  ACHE  gene  (6).  Detection  was  with  alkaline  phosphatase  and  Fast  Red™  substrate 
(Molecular  Probes,  Eugene,  OR).  DAPI  (Sigma)  staining  served  to  visualize  nuclei. 
Immunohistochemistry:  Muscle  sections  (7  pm)  were  deparaffinized  with  xylene  and  were 
re-hydrated  in  graded  ethanol  solutions  (100%,  90%,  70%)  and  PBS.  Heat-induced  antigen 
retrieval  was  performed  by  microwave  treatment  (850  W  for  rapid  boil  followed  by  10  min  at 
reduced  intensity)  in  0.01  M  citrate  buffer,  pH  6.0.  Slides  were  cooled  to  room  temperature 
and  rinsed  in  double  distilled  water.  Non-specific  binding  was  blocked  by  4%  naive  donkey 
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serum  in  PBS  with  0.3%  Triton  X-100  and  0.05%  Tween  20  (1  h  at  room  temperature). 
Primary  Ab  was  diluted  (1:100  and  1:30  for  rabbit  anti-AChE-R  and  goat  anti-nAChR, 
respectively)  in  the  same  buffer  and  slides  were  incubated  1  h  at  room  temperature  following 
overnight  incubation  at  4  °C.  Sections  were  rinsed  and  incubated  with  the  appropriate 
biotinylated  secondary  Ab,  diluted  in  the  same  blocking  buffer  1  h  at  room  temperature  and 
then  overnight  at  4  °C.  Detection  was  with  streptavidin  conjugated  to  alkaline  phosphatase 
(Amersham  Life  Science,  Arlington  Heights,  IL)  and  Fast  Red  substrate;  slides  were  cover- 
slipped  with  Immunomount  (Shandon  Pittsburgh,  PA). 

Patient  serum  analyses:  Blood  samples  were  drawn  from  19  MG  patients  who  displayed  Ab 
titers  between  1  and  60  pmol/ml  serum.  Non-denaturing  gel  electrophoresis  was  as  described 
(18),  as  were  catalytic  activity  measurements  of  AChE  in  the  serum  of  patients  and 
experimental  animals. 

Results 

Antisense  oligonucleotides  restore  normal  CMAP  in  myasthenic  rats 

To  evaluate  the  severity  of  muscle  pathology  in  tested  animals,  we  performed 
electromyography  recording  from  the  gastrocnemius  muscle.  EAMG  rats,  but  never  control 
animals,  displayed  a  characteristic  decrement  in  CMAP  in  response  to  repeated  stimulation  at 
3  and  5  Hz  (Fig.  1A,  inset  and  data  not  shown).  The  baseline  decrement,  calculated  by 
measuring  the  decrease  from  the  first  to  the  fifth  response,  ranged  from  7%  to  36 /o 
(mean=13.0%  ±  2.5%)  as  compared  to  a  limited  change  of  4.0%  ±  0.9%  in  control  animals. 
To  test  the  potential  application  of  antisense  technology  in  suppressing  AChE  activity  in 
muscle,  we  treated  EAMG  rats  with  rENlOl,  a  partially  2  -oxymethyl  protected  AS-ON 
targeted  to  a  region  of  rAChE  mRNA  that  is  common  to  all  3  variants. 

As  expected,  based  on  the  vast  clinical  experience  with  cholinesterase  inhibitors  in  the 
treatment  of  MG,  i.p.  administered  neostigmine  bromide  (Prostigmine™,  1000  pg/Kg,  which 
equals  ca.  0.5  pmol/rat)  rapidly  and  effectively  reversed  the  myasthenic  CMAP  decrement  in 
EAMG  rats.  The  effects  of  cholinesterase  blockade  were  evident  starting  30  min  after 
injection  and  up  to  2-3  h  post-injection,  after  which  CMAP  decrements  reverted  to  baseline 
(Figure  1A).  A  control  AS-ON  with  an  inverse  sequence  to  rAChE  mRNA,  invEN102, 
showed  no  effect  at  50  pg/Kg,  demonstrating  that  neither  the  injection  itself  nor  the  presence 
of  an  inert  AS-ON  would  alter  the  CMAP  ratio  (Figure  1A).  Following  i.v.  injection  of 
EN101  at  doses  ranging  from  50-500  pg/Kg,  i.e.  2  to  20  nmol/rat,  CMAP  ratios  changed  to 
normal  values  within  1  h  post-administration  (Figure  IB).  CMAP  normalization  was 
accompanied  by  visible  improvement  in  motor  activity  associated  with  increased  mobility, 
upright  posture,  stronger  grip  and  reduced  tremulous  ambulation.  A  second,  independent  and 
similarly  protected  AS-ON,  targeting  a  neighboring  sequence  in  rAChE  mRNA  (EN102), 
produced  similar  rectification  of  decrements  in  CMAP  in  EAMG  rats  (Table  1),  validating  the 
specificity  for  the  target  protein.  Nevertheless,  antisense  effects  on  neuromuscular  activity 
were  sequence-dependent,  as  comparable  amounts  of  invEN  1 02,  the  control  oligonucleotide 
with  inverse  sequence,  did  not  improve  muscle  function  (Figure  1A  and  Table  1).  The 
duration  of  CMAP  restoration  increased  with  the  dose  of  EN101,  from  short-term 
improvement  with  10  pg/Kg  up  to  over  72  h  with  500  pg/Kg.  Fifty  pg/Kg  yielded  24  h 
improvement,  and  was  therefore  used  for  repetitive  daily  treatments  (Figure  1 B). 

Since  i.v.  drug  administration  is  of  limited  value  in  chronic  treatment  paradigms,  and  since 
oral  administration  of  AS-ONs  had  been  shown  to  be  effective  in  some  applications  (4),  we 
explored  the  activity  of  orally  administered  EN101.  Fifty  pg/Kg  EN101  was  administered  via 
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an  intubation  feeding  needle,  to  EAMG  rats,  and  CMAP  recordings  were  performed  1,  5,  and 
24  h  later.  The  orally  administered  EN101  was  as  active  as  i.v.  administered  25  (lg/Kg  (Table 
1  and  Figure  2A).  Orally  administered  Mestinon  (pyridostigmine,  1000  pg/Kg)  imparted 
predictable  restoration  of  CMAP  for  up  to  several  hours,  and  invEN102  had  no  effect  on 
CMAP.  Under  the  oral  administration  route,  EN102  appeared  slower  to  affect  CMAP  than 
EN101,  suggesting  sequence-specific  differences  for  this  effect  (Table  1).  Individual 
variabilities  in  animal  responses  to  the  EN101  treatment  may  parallel  the  variable  decrement 
observed  in  response  to  calcium  channel  blockers  in  EAMG  (15).  To  compare  repeated  daily 
oral  and  i.v.  administration  routes,  we  treated  EAMG  rats  with  EN101  once  a  day  for  5  days 
and  performed  CMAP  recordings  prior  to  each  drug  treatment.  Neither  oral  nor  i.v.  repeated 
administration  of  EN101  appeared  to  produce  resistance  to  the  therapy,  normal 
electrophysiological  activities  being  recorded  over  the  entire  course  of  treatment  (Figure  2B). 
Both  the  efficacy  of  EN101  treatment  and  its  capacity  to  reduce  the  inter-animal  variability 
were  comparable  to  those  of  Mestinon,  with  the  exceptions  that  Mestinon’s  effects  were  more 
rapid  (data  not  shown),  whereas  ENlOl's  effect  was  considerably  longer-lasting.  Also,  the 
effect  of  daily  single  doses  of  Mestinon  wore  off  within  a  day,  causing  drastic  fluctuations  in 
the  treated  animals’  muscle  strength  (Table  1,  Figure  2B  and  data  not  shown).  Among  the 
EAMG  animals  thus  treated  with  single  daily  administration  of  Mestinon,  5  out  of  6  died 
within  these  5  days.  In  contrast,  6  out  of  8  animals  treated  by  single  daily  oral  administration 
of  EN101,  which  maintained  consistently  normal  CMAP  levels  throughout  the  treatment 
period,  survived  the  full  5  day  period  (Figure  2C).  Although  inconclusive,  this  experiment 
indicated  EN101  as  suitable  for  longer  treatment  evaluation. 

EN101  promotes  muscle  stamina  in  EAMG  rats 

Placed  on  a  treadmill  at  25  m/min,  control  animals  ran  for  23.0  ±  3.0  min  after  which  time 
they  displayed  visible  signs  of  fatigue.  Myasthenic  animals  placed  on  the  treadmill  were  able 
to  run  as  short  a  time  as  only  2.3  ±  0.5  min  before  signs  of  fatigue  appeared,  depending  on  the 
severity  of  symptoms.  We  then  classified  animals  as  mildly,  moderately,  or  severely  affected 
based  on  their  stamina  in  the  treadmill  test  and  disease  signs,  and  monitored  their 
performance  24  h  following  administration  of  250  (lg/Kg  EN101  (Figure  3).  All  groups 
demonstrated  improved  stamina  following  injection.  Thus,  severely  sick  animals  preformed, 
when  treated,  as  well  as  untreated  moderately  sick  ones,  and  treated  moderately  sick  animals 
reached  performance  levels  better  than  those  of  untreated  mildly  sick  animals,  amounting  to 
3-fold  improved  running  times  of  6.5  ±  1.5.  EN101  had  no  significant  effect  on  the  running 
time  of  control  rats  (Figure  3). 

In  a  yet  longer-term  treatment  regimen,  7  out  of  9  EAMG  animals  under  daily  EN101 
administration  presented  improved  treadmill  performance  1  mo  after  initiation  of  treatment,  1 
showed  no  improvement  and  1  animal  died.  In  contrast,  of  5  similarly  sick  animals  that 
received  daily  Mestinon  treatment,  3  died,  2  performed  worse,  and  none  showed  improved 
performance.  Saline  injection  yielded  similar  results,  3  dead,  2  worse.  Thus,  daily  EN101 
administration  appeared  effective  for  long-term  treatment,  enabling  EAMG  animals  with 
moderate  to  severe  symptoms  to  thrive  under  conditions  where  untreated  or  Mestinon-treated 
animals  did  not  survive. 

Stress-associated  AChE-R  accumulates  in  muscles  of  EAMG  rats  and  is  suppressed 
selectively  by  EN101 

Both  the  rare,  unstable  splicing  variant  known  as  readthrough  AChE  (18)  and  the 
corresponding  AChE-R  mRNA  transcript  (19)  are  intrinsicly  unstable.  Therefore,  EN101 
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mediates  the  preferential  degradation  of  this  transcript  (8).  AChE-R  mRNA  accumulates  in 
muscle  under  chronic  anticholinesterase  exposure  (11).  The  rapid  and  long-lasting  effects  of 
EN101  in  restoring  normal  electrophysiological  activity  in  muscles  of  EAMG  rats,  raised  the 
possibility  that  AChE-R  plays  a  previously  unrecognized  role  in  myasthenic  muscle 
weakness. 

To  determine  the  involvement  of  AChE-R  in  the  autoimmune-mediated  myasthenic 
neuromuscular  junction  (NMJ),  we  performed  in  situ  hybridization  on  sections  of  the  triceps 
muscle  from  EAMG  rats.  Intensified  expression  of  this  splicing  variant,  evident  as  a 
punctated  pattern  of  AChE-R  mRNA  labeling,  was  detected  close  to  the  sub-synaptic  clusters 
of  nuclei  in  muscles  of  EAMG  as  compared  to  control  rats,  which  showed  diffuse  labeling 
(Figure  4A,  top).  In  contrast,  the  primary  "synaptic"  AChE-S  mRNA  transcript  maintained 
apparently  similar  sub-synaptic  labeling  patterns  in  both  healthy  and  EAMG  rats  (Figure  4A, 
bottom).  Following  i.v.  EN101  treatment,  AChE-R  mRNA  labeling  was  drastically  reduced, 
almost  to  the  limit  of  detection,  both  in  control  and  EAMG  rats  (Figure  4A,  insets).  AChE-S 
mRNA  labeling  was  minimally  affected,  reconfirming  the  selectivity  of  the  AS-ON  effect 
(Figure  4B,  insets). 

Immunohistochemical  staining  with  a  polyclonal  antiserum  that  selectively  detects  AChE-R 
(12),  revealed  positive  signals  in  some,  but  not  all  muscle  fibers  of  control  rats.  Pronounced 
cytoplasmic  accumulation  of  AChE-R  protein  in  muscle  fibers  from  EAMG  rats  demonstrated 
an  increase  in  this  protein  (Figure  4B,  top).  The  dispersed  cytoplasmic  localization  of 
immunodetected  AChE-R  in  EAMG  muscle  was  characteristic  of  this  soluble  AChE-R 
isoform  as  previously  observed  in  transgenic  models  of  AChE  overexpression  (20).  No 
significant  difference  was  observed  in  the  expression  of  the  AChE-S  protein  in  EAMG 
compared  to  control  rats,  extending  the  in  situ  hybridization  findings  (data  not  shown). 
Twenty-four  h  following  a  single  i.v.  injection  of  250  (J.g/Kg  EN101,  AChE-R  protein  levels 
were  conspicuously  suppressed  in  muscle  from  both  control  and  EAMG  rats  (Figure  4B,  top 
insets). 

AChE-R  accumulation  coincides  with  muscle  nAChR  reduction 

The  association  between  muscle  AChE-R  accumulation  and  the  EAMG  disease  state  was 
confirmed  by  immunohistochemical  staining  for  muscle  nAChR  protein.  Sub-nuclear  labeling 
of  this  receptor  was  observed  in  control  triceps  muscles.  In  EAMG  muscle,  marked  reduction 
was  observed,  as  expected  in  this  disease,  which  is  associated  with  nAChR  loss  (Figure  4B, 
bottom).  EN101  treatment  did  not  affect  nAChR  staining,  supporting  its  specificity  for 
preventing  AChE-R  production  (Figure  4B,  bottom  insets).  Muscle  nAChR  loss  was 
confirmed  by  direct  measurement  of  muscle  AChR  content,  using  labeled  a-bungarotoxin. 
The  nAChR  content  in  mild  EAMG  was  reduced  by  50%  from  the  control  and  in  severe 
EAMG  it  was  reduced  by  70-80%  (average,  n  >10  in  each  group). 

Because  AChE-R  is  a  secretory,  soluble  protein,  we  further  searched  for  its  levels  in  serum. 
Immunoblot  analysis  of  non-denaturing  gels  loaded  with  serum  samples  from  control  rats 
demonstrated  the  presence  of  AChE-R  in  serum.  EN101  treated  control  animals  displayed 
conspicuously  reduced  AChE-R  signals  in  the  immunoblot  analysis,  whereas  EAMG  rats 
demonstrated  massive  accumulation  of  AChE-R  in  serum,  as  compared  with  healthy  animals. 
AChE-R  labeling  was  substantially  decreased  in  myasthenic  animals  under  EN101  treatment, 
reaching  levels  close  to  those  observed  in  untreated  control  animals  (Figure  4C). 
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AChE-R  accumulates  in  plasma  of  human  MG  patients 

To  explore  the  putative  correlation  between  AChE-R  overexpression  and  neuromuscular 
junction  dysfunction  in  humans,  and  to  examine  the  potential  use  of  AChE-R  as  a  surrogate 
marker  of  myasthenic  muscle  impairments,  we  searched  for  elevated  levels  of  AChE-R  in 
plasma  collected  from  MG  patients.  In  serum  samples  from  several  patients,  we  consistently 
observed  the  existence  of  rapidly  migrating,  catalytically  active  AChE  isoform  (Figure  5 A). 
In  contrast,  serum  samples  from  control,  healthy  individuals  showed  primarily  a  slowly 
migrating  active  enzyme,  which  could  be  effectively  inhibited  by  5  x  10'5  M  of  the  AChE- 
specific  inhibitor,  BW284c51,  but  not  by  the  butyrylcholinesterase-specific  inhibitor  iso- 
OMPA  (Figure  5  and  data  not  shown). 

Serum  samples  from  control  mice  subjected  to  confined  swim  stress  (10),  or  transgenic  mice 
overexpressing  human  AChE-R  (12)  displayed  higher  levels  than  non-stressed  controls  of  a 
rapidly  migrating  AChE  isoform.  This  activity,  like  the  slowly  migrating  enzyme,  was 
blocked  by  5  x  10"5  M  of  the  AChE  specific  inhibitor  BW284c51,  but  not  by  5  x  10'5  M  iso- 
OMPA  (Figure  5  and  data  not  shown).  This  suggested  that  the  rapidly  migrating  AChE  is 
AChE-R.  Thus,  human  MG  patients,  like  stressed  or  AChE-R  transgenic  mice  or  EAMG  rats, 
accumulate  excess  serum  AChE-R.  There  was  no  apparent  correlation  between  the  intensity 
of  AChE-R  staining  and  the  anti-AChR  titers  in  the  12  analyzed  patients  (data  not  shown). 
Also,  total  AChE  activity  measurements  in  the  serum  of  patients  or  of  stressed  and  non- 
stressed  mice  showed  no  correlation  with  these  AChE-R  migration  patterns,  probably  due  to 
differences  in  released  erythrocytic  AChE  due  to  hemolysis  (Figure  5B).  Thus, 
immunodetection  or  activity  gel  analyses  appeared  more  informative  than  serum  enzyme 
assay. 

Discussion 

By  targeting  an  orally  delivered  AS-ON  drug  to  a  long-known  MG  target,  AChE,  we 
achieved  rapid,  yet  long-lasting  physiological  improvement,  associated  with  reversal  of  the 
CMAP  decremental  response  at  3  Hz  nerve  stimulation  and  increased  muscle  stamina  in  the 
treadmill  test.  The  beneficial  effect  of  AS-ON  injection  on  the  CMAP  response  began  within 
1  h  post-treatment  and  lasted  many  more  hours  than  the  effect  of  the  currently  employed 
anticholinesterases,  likely  reflecting  the  mechanistic  differences  between  these  two  groups  of 
drugs. 

Chemical  anticholinesterases  are  stoichiometrically  targeted  at  the  large  number  of  AChE 
molecules  present  in  the  NMJ  -  density  of  3000-5000  molecules/pm2  (21).  In  contrast,  AChE 
mRNA  chains  exist  in  far  lower  quantities  than  their  protein  products,  and  are  produced  only 
by  subsynaptic  nuclei  —  1 :200  of  total  muscle  nuclei  (22).  Furthermore,  AChE-R  mRNA  is 
normally  the  least  abundant  of  the  alternative  splice  variants  of  AChE  mRNA.  In  addition, 
AS-ON  agents  that  target  the  AChE-R  mRNA  transcripts  can  operate  repeatedly,  i.e.  one  AS- 
ON  is  responsible  for  hydrolysis  of  many  mRNAs.  This  explains  the  over  100-fold  difference 
in  the  molar  dose  of  AS-ON  as  compared  to  Prostigmine  or  Mestinon  that  is  effective  in 
relieving  EAMG  weakness. 

Because  of  the  intrinsic  instability  of  the  AChE-R  mRNA  transcript  (19),  AS-ON  agents 
targeted  to  the  AChE  mRNA  sequence  that  is  shared  by  all  transcripts,  will  destroy  primarily 
the  longer,  less  G,C-rich  AChE-R  mRNA  (8).  This  provides  selectivity  towards  this  normally 
rare  transcript,  while  protecting  most  of  the  synaptic  AChE-S  variant  from  the  antisense 
effect.  Consequently,  neuromuscular  functioning  is  maintained  while  the  disease-associated 
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damaging  protein  is  efficiently  removed.  The  3’  terminal  2'-oxymethyl  protection  of  AS-ON 
chains  increases  the  hybridization  affinity  while  minimizing  toxicity  (6).  This  may  further 
explain  the  beneficial  effect  of  2’-oxymethyl  protected  AS-ON  agents  following  i.v.  as  well  as 
oral  administration.  In  comparison,  conventional  anticholinesterases  would  similarly  inhibit 
the  catalytic  activity  of  the  two  variants,  but  would  not  remove  the  blocked  enzyme  from  the 
system.  This  may  be  detrimental  for  three  reasons:  first,  anticholinesterases  induce  a  robust, 
multi-tissue  feedback  response  of  AChE-R  overproduction;  second,  the  overproduced  protein 
apparently  possesses  additional,  non-catalytic  activities  that  are  not  necessarily  blocked  by 
anticholinesterases  (reviewed  in  ref.  (20);  third,  prolonged  exposure  may  cause  tissue 
damage,  as  indeed  is  the  case  in  DFP-exposed  muscle.  Together,  these  may  explain  the 
apparent  absence  under  AS-ON  treatment  of  adverse  effects  often  associated  with  chronic 
anti-cholinesterase  exposure.  The  long-term  survival  of  animals  receiving  AS-ON  by  daily 
oral  treatment,  as  compared  with  the  poor  survival  of  severely  diseased  animals  under  the 
physiologically  fluctuating  effects  of  a  daily  dose  of  Mestinon,  may  also  reflect  these 
differences. 

Chemically  protected  RNA  aptamers,  capable  of  blocking  the  autoantibodies  access  to  the 
nAChR,  have  been  developed  for  the  treatment  of  MG  (23),  however  their  reaction  with  the 
antibodies  is  stoichiometric,  whereas  the  AS-ON  reaction  is  catalytic,  allowing  a  considerably 
lower  dosage  of  the  drug.  In  this  context,  two  surprising  properties  of  EN101  merit  special 
discussion:  the  rapid  onset  and  the  long-lasting  effect.  The  rapid  onset  of  CMAP 
improvement  that  is  offered  by  EN101  is  most  likely  due  to  its  easy  accessibility  to  the  highly 
metabolic  muscle  tissue  combined  with  the  instability  of  its  target  mRNA.  The  long-lasting 
functioning  of  this  AS-ON  agent  probably  reflects  the  fact  that  its  neuromuscular  effect  may 
last  after  the  AS-ON  is  totally  degraded,  to  cease  only  when  AChE-R  accumulation  passes  a 
threshold  beyond  which  this  protein  causes  functional  damage.  This  is  compatible  with  the 
myasthenic  symptoms  reported  in  patients  with  acute  anticholinesterase  poisoning,  which 
begin  several  hours  after  the  acute  phase  (24).  Pyridostigmine  toxicity,  reported  in  one 
myasthenic  patient  and  in  one  healthy  control  (25),  manifested  weakness  following  drug 
administration,  and  displayed  higher  pyridostigmine  blood  levels  than  in  myasthenic  patients 
with  satisfactory  clinical  response.  This  suggests  individual  differences  in  the  clinical 
responsiveness  to  anticholinesterases  that  may  depend  on  the  individual  rates  of  their 
metabolism. 

A  polymorphism  at  the  HLA-DQ  locus  was  reported  to  regulate  the  susceptibility  to  EAMG 
in  mice  (26),  and  polymorphisms  in  the  B2  adrenergic  receptor  gene  appear  to  have  distinct 
distributions  in  human  MG  patients  (27),  indicating  involvement  of  both  immune  modulators 
and  general  stress  responses  in  the  disease  process  and  suggesting  that  overexpressed  AChE- 
R  may  contribute  to  either  or  both  of  these  levels  of  response.  To  this  end,  the  beneficial 
effect  of  repeated  AS-ON  treatment  likely  reflects  long-lasting  changes  in  cytokine  balances 
that  contribute  to  the  myasthenic  syndrome.  The  complexity  of  relevant  elements  is  evident 
from  recently  reported  animal  models  that  show,  for  example,  that  T  cell  overexpression  of 
IL-10  facilitates  EAMG  development  (28),  whereas  genomic  disruption  of  the  murine  IL-1B 
gene  diminishes  the  AChR-mediated  immune  response  (29),  and  deficiency  in  IFN  y  receptor 
limits  both  EAMG  development  and  the  negative  feedback  cascades  that  are  induced  by  such 
development  (30).  Indeed,  injected  IL-12,  a  major  inducer  of  IFN  y  production,  accelerates 
and  enhances  disease  in  AChR-immunized  mice,  but  not  in  strain-matched  mice  with  a 
disrupted  IFN  y  gene  (31).  The  wide  span  of  tissues  involved,  and  the  importance  of  altered 
cytokine  relationships  were  reflected  in  the  capacity  of  orally  administered  AChR  fragments 


to  suppress  on-going  EAMG  (32).  Future  studies  should  address  the  issue  of  whether  AS-ON 
suppression  of  systemic  AChE-R  production  affects  mysathenic  symptoms  indirectly  by 
eliminating  the  hematopoietically  active  AChE-R  (8)  and  thus  modulating  cytokine 
production. 

Apart  from  its  obvious  utility,  this  study,  therefore,  highlights  the  previously  unperceived 
involvement  of  the  AChE-R  splice  variant  in  MG  etiology.  Alternative  splicing  has  recently 
emerged  as  a  primary  neuronal  stress  response,  which  affects  different  genes  (33,  34).  Our 
current  findings  suggest  that  synaptic  muscle  nuclei  similarly  respond  to  cholinergic  stress  by 
alternative  splicing  of  their  pre-mRNA  products.  MG  patients  are  routinely  treated  by  a 
combination  of  anticholinesterase,  immune  and  glucocorticoid  therapy.  Both 
anticholinesterases  and  glucococorticoids  would  enhance  AChE  gene  expression,  further 
increasing  the  cumulative  AChE-R  load  in  treated  MG  patients.  Due  to  the  secretory  nature  of 
AChE-R,  it  also  accumulates  in  the  serum.  Further  studies  will  be  required  to  test  the 
applicability  of  AChE-R  detection  as  a  surrogate  marker  for  MG;  however,  the  accumulation 
of  serum  AChE-R  in  EAMG  rats  and  human  patients  gives  reason  to  believe  that,  unlike 
blood  catalytic  AChE  activity,  immunodetected  serum  AChE-R  may  reflect  the  severity  of  the 
disease  state. 

The  pathogenesis  of  MG  and  EAMG  is  primarily  related  to  the  destructive  effect  of  anti- 
AChR  antibodies  on  the  NMJ.  In  addition,  neuromuscular  weakness  associated  with 
cholinergic  imbalance  is  known  in  patients  with  congenital  myasthenic  syndromes  (34), 
where  synaptic  AChE  is  the  only  form  missing,  as  well  as  following  acute  anticholinesterase 
poisoning,  muscle  dystrophy  and  in  amyotrophic  lateral  sclerosis  and  post-traumatic  stress 
disorder,  among  others.  As  AS-ONs  targeted  to  AChE  mRNA  provide  relief  of  cholinergic 
muscle  malfunctioning,  they  should  be  useful  for  symptomatically  treating  these  and  many 
other  diseases. 
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Figure  Legends 

Figure  1.  EN101  elicits  lasting  improvement  in  muscle  function  of  myasthenic  rats. 

Compound  muscle  action  potentials  (CMAP)  were  recorded  from  the  gastrocnemius  muscle 
of  EAMG  rats  during  repetitive  stimulation  at  3  Hz  and  the  ratio  between  the  5th  and  1st  peaks 
determined  (inset).  Animals  exhibiting  a  decrement,  reflecting  the  fatigue  characteristic  of 
myasthenic  muscles  (CMAP  ratio  <90%),  were  treated  with  a  single  i.v  injection  (1000 
pg/Kg)  of  the  AChE  inhibitor  Prostigmine,  increasing  concentrations  of  EN101,  or  a  control 
AS-ON  with  the  5'-3'  nucleotide  sequence  of  EN102  reversed  (INV-EN102).  Graphs  display 
percent  above  baseline  of  average  CMAP  ratios  (5lh  to  1st)  measured  at  the  specified  times 
post-injection  for  at  least  6  rats  in  each  group.  The  average  CMAP  ratio  of  EAMG  rats 
included  in  the  study  prior  to  treatment  was  87  ±  2.5%  of  control  animals.  Inset:  CMAP  Ratio 
Improvement.  Shown  are  the  1st  and  5th  depolarization  peaks  in  EAMG  muscle  (top)  and  in 
ENlOl-treated  EAMG  muscle  (bottom;  500  pg/Kg,  1  h  post-treatment).  Note  the  constant 
size  of  CMAP  peaks  under  treatment  (percent). 
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A.  Prostigmine.  Following  administration  of  Prostigmine  at  a  standard  therapeutic  dose  of 
1000  pg/Kg  body  weight,  normal  CMAP  ratios  (>100%)  were  recorded  within  30  min  and  for 
up  to  2  h.  The  control  AS-ON  invEN102  had  no  effect  on  muscle  responses  to  stimulation  at  3 
Hz  from  EAMG  rats,  demonstrating  sequence-specificity  for  the  AS-ON. 

B.  EN101.  Shown  are  dose-dependently  restored  normal  CMAPs  from  1  h  and  up  to  72  h 
under  10-500  pg/Kg  EN101 .  Higher  doses  conferred  longer-lasting  relief. 

Figure  2.  Effective  oral  administration  of  EN101. 

EAMG  rats  received  EN101  (50  pg/Kg)  or  Mestinon  (1000  pg/Kg)  once  daily  for  up  to  4 
days  via  an  intubation  feeding  needle.  CMAP  ratio  was  determined  1  and  5  h  following  the 
first  drug  administration  and  then  every  24  h,  prior  to  the  administration  of  the  subsequent 
dose. 

A.  Single  dose.  The  graph  depicts  percent  CMAP  ratios  above  baseline  measured  at  the  noted 
time  points  following  oral  administration  of  EN101  (n=  8)  or  Mestinon  (n=4).  Orally 
administered  Mestinon  and  EN101  relieved  decremental  CMAP  responses  to  repetitive 
stimulation  within  1  h.  Twenty- four  h  following  administration  of  Mestinon,  CMAP  ratios  in 
muscles  of  treated  rats  returned  to  baseline.  In  contrast,  no  decrement  was  detected  in  rats 
treated  with  EN 101. 

B.  Repeated  daily  doses.  The  graph  depicts  the  equivalent  improvement  in  muscle  function 
elicited  by  oral  («=8)  as  compared  to  i.v.  (n= 4)  administration  of  EN101.  Note  that  repeated 
administration  of  EN101  conferred  stable,  long-term  alleviation  of  CMAP  decrements. 
Repeated  daily  administration  of  Mestinon  at  24  h  intervals  had  no  cumulative  or  long-term 
effect  on  CMAP  ratios. 

C.  Survival.  The  graph  depicts  the  percentage  of  EAMG  rats  still  alive  at  specified  days 
following  initiation  of  treatment  with  repeated  oral  administrations  of  Mestinon  or  EN101. 
Average  CMAP  values  for  each  group  at  the  starting  day  are  noted.  A  greater  fraction  of 
animals  treated  with  EN101  survived  than  those  treated  with  Mestinon  at  the  given  doses 
despite  their  poorer  initial  status,  as  indicated  by  initial  CMAP  ratios. 

Figure  3.  EN101  improves  stamina  in  myasthenic  rats. 

EAMG  rats  with  varying  severity  of  symptoms  (severe  «=1 1,  moderate  n= 4  ,  mild  n=5)  and 
control  Lewis  rats  (none,  n=7)  were  prodded  to  run  on  an  electrically  powered  treadmill  (25 
m/min,  inset)  until  visibly  fatigued.  The  time  (in  min  ±  SEM)  each  rat  was  able  to  run  was 
recorded  before,  and  24  h  following,  i.v.  administration  of  250  pg/Kg  EN101.  Note  that 
EAMG  rats  run  considerably  less  time  than  controls,  and  that  running  time  is  increased  for 
each  group  by  EN  101. 

Figure  4.  EN101  selectively  suppresses  elevated  muscle  AChE-R  accumulation  in  EAMG 
rats. 

A.  Muscle  AChE  mRNA  variants.  Shown  are  paraffin-embedded  sections  of  triceps  muscle 
from  severely  ill  EAMG  or  control  Lewis  rats  following  in  situ  hybridization  with  2’-0- 
methyl  protected  cRNA  probes  specific  for  AChE-S  or  -R  mRNAs.  The  white  size  bar 
represents  50  pm.  Fast  Red  (red)  labeling  reflects  mRNA  presence.  DAPI  (white)  was  used  to 
visualize  cell  nuclei.  Note  the  prominent  sub-nuclear  accumulation  of  AChE-R  mRNA  in 
preparations  from  EAMG,  but  not  control  animals.  AChE-S  mRNA  displayed  similar  focal 
expression  around  subnuclear  domains  in  control  and  EAMG  rats.  Twenty-four  h  following 
treatment  with  EN101  (250  pg/Kg),  AChE-R  mRNA  was  barely  detectable  in  both  control 
and  EAMG  rats,  while  AChE-S  mRNA  levels  were  not  visibly  affected  (insets). 
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B.  Inverse  intensities  of  AChE-R  and  AChR  labeling  in  EAMG.  Shown  is 
immunohistochemical  staining  observed  using  polyclonal  rabbit  antibodies  to  AChE-R  (top) 
or  to  nAChR  (bottom)  and  Fast  Red.  The  white  size  bar  represents  10  pm.  Immunostaining 
for  AChE-R  protein  was  prominently  elevated  in  EAMG  as  compared  to  control  rats,  and 
suppressed  by  EN101  (insets).  Consistent  with  their  myasthenic  pathology,  staining  of  the 
nAChR  is  dramatically  reduced  in  EAMG  rats.  nAChR  was  not  affected  by  EN101. 

C.  Serum  AChE-R  labeling.  Serum  samples  from  EAMG  and  control  rats  were  subjected  to 
non-denaturing  polyacrylamide  gel  electrophoresis  and  immunolabeling  with  anti-AChE-R 
antibodies.  Note  pronounced  enhancement  of  a  band  representing  AChE-R  (arrow)  in  plasma 
of  EAMG  rats  and  its  significant  reduction  in  EN  101 -treated  control  and  EAMG  animals. 

Figure  5.  A  rapidly  migrating  AChE  variant  accumulates  in  the  serum  of  human  MG 
patients. 

Shown  is  a  non-denaturing  polyacrylamide  gel  stained  for  catalytically  active  cholinesterases 
(left)  and  a  bar  graph  representing  the  catalytic  AChE  activities  in  the  serum  of  these  patients 
and  animals  (right).  Additional  lanes  depict  the  catalytically  active  isoforms  in  serum  from 
confined-swim  stressed  mice  (lane  1),  control  mice  (lane  2)  and  AChE-R  transgenic  mice 
(lane  3),  a  healthy  human  volunteer  (lane  4),  a  patient  with  an  irrelevant  metabolic  disease 
(non-MG)  (lane  5)  and  4  MG  patients  (lanes  6-9).  Note  the  presence  of  a  rapidly  migrating 
AChE  isoform,  parallel  to  AChE-R  in  its  properties,  in  the  serum  of  MG  patients  but  not  other 
individuals. 

T able  1.  Summary  of  responses  to  treatmentsA 


Oral®  Intravenous® 


EN101 

EN101- 

EN102- 

INV102- 

Mestinon- 

EN101 

EN101- 

EN102- 

INV102- 

treated 

treated 

treated 

treated 

treated 

treated 

treated 

treated 

treated 

healthy 

EAMG 

EAMG 

EAMG 

EAMG 

healthy 

EAMG 

EAMG 

EAMG 

Oh 

101.5±0.9 

83.6±3.0 

82.3±2.0 

78.4±5.5 

89.5±1.0 

100.5±0.4 

86.7±1.2 

84.7±5.6 

88.8±2.4 

(4) 

(8) 

(4) 

(4) 

(6) 

(6) 

(6) 

(4) 

(5) 

1  hC 

100.9±1.7 

97.2±2.0 

85.6±4.4 

86.3±4.5 

97.7±1.1 

102.1±0.7 

100.0±1.4 

103.9±1.3 

89.0±3.0 

(4) 

(8) 

(3) 

(4) 

(6) 

(7) 

(4) 

(4) 

(5) 

5  h 

103.0±2.1 

97.4±2.5 

95.6±2.3 

86.4±5.4 

95.8±2.0 

100.4±1.0 

98.4±2.0 

98.2±3.0 

88.6±1.9 

(4) 

(7) 

(4) 

(4) 

(6) 

(6) 

(4) 

(4) 

(5) 

24  h 

101. 5±  0.7 

101.0±1.3 

94.8±2.8 

81.2±7.5 

87.2±2.4 

102.0±0.9 

100.0±0.0 

100.3±1.1 

89.7±1.7 

(4) 

(6) 

(5) 

(4) 

(6) 

(6) 

(4) 

(4) 

(5) 

ACMAP  ratios  were  determined  at  the  noted  times  following  treatment  and  the  averages  ± 
SEM  are  presented.  Each  treatment  represents  similarly,  although  not  simultaneously 
treated  rats,  the  numbers  of  which  are  shown  in  parentheses. 

BDrug  doses  were  50  pg/Kg  for  EN101,  EN102  or  INV102  and  1000  pg/Kg  for  Mestinon,  for 
both  administration  routes. 

cNote  the  apparently  delayed  effect  of  orally  administered  EN102  as  compared  to  EN101  or 
Mestinon. 


13 


CM  AP  ratio,  p«rc#rrrt  abova  baseline 

running  time,  mni  ^ 


A.  Prostlflmlne  B.  EN101 


Fig.  1 


Fig.  2 


Fig.  3 


A.  activity  fiLaimng  B.  serum  catalytic  activity, 
pcrccnl  control 
ii  200  400 


Fig.  4 


Fig.  5 


14 


Neuronal  overexpression  of  "readthrough"  acetylcholinesterase  is  associated 
with  antisense-suppressible  behavioral  impairments 

Cohen,  O.*' ,  Erb,  C.,*  Ginzberg,  D.*,  Poliak,  Y.  ,  Seidman,  S 
Shoham,  S.  ,  Yirmiya,  R.  and  Soreq,  H.* 

‘Department  of  Biological  Chemistry,  The  Hebrew  University  of  Jerusalem,  Jerusalem,  91904  Israel, 
Department  of  Psychology,  The  Hebrew  University  of  Jerusalem,  Jerusalem,  91905  Israel, 
Research  Department,  Herzog  Hospital,  Jerusalem,  91351  Israel 

Running  title:  Cholinergic  behavioral  impairments 

Kev  words:  antisense  circadian  rhythm  mouse  psychological  stress 

social  recognition  transgenic 


Corresponding  author:  to  R.  Yirmiya,  Department  of  Psychology,  The  Hebrew  University  of  Jerusalem, 

Israel  (fax:  972-2-588-2947,  tel:  972-2-558-3695,  e-mail:  msrazy@mscc.huji.ac.il) 

Abstract 

Molecular  origin(s)  of  the  diverse  behavioral  responses  to  anticholinesterases  were  explored  in 
behaviorally  impaired  transgenic  (Tg)  FVB/N  mice  expressing  synaptic  human  acetylcholinesterase 
(hAChE-S).  Untreated  hAChE-S  Tg,  unlike  nave  FVB/N  mice,  presented  variably  intense  neuronal 
overexpression  of  the  alternatively  spliced,  stress-induced  mouse  "readthrough"  mAChE-R  mRNA.  Both 
strains  displayed  similar  diurnal  patterns  of  locomotor  activity  that  were  impaired  3  days  after  a  day-to- 
night  switch.  However,  hAChE-S  Tg,  but  not  FVB/N  mice  responded  to  the  circadian  switch  with  irregular, 
diverse  bursts  of  increased  locomotor  activity.  In  social  recognition  tests,  controls  displayed  short-term 
recognition,  reflected  by  decreased  exploration  of  a  familiar,  compared  to  a  novel  juvenile  conspecific  as 
well  as  inverse  correlation  between  social  recognition  and  cortical  and  hippocampal  AChE  specific 
activities.  In  contrast,  transgenics  presented  poor  recognition,  retrievable  by  tetrahydroaminoacridine 
(tacrine,  1.5  mg/Kg).  Tacrine’s  effect  was  short-lived  (<40  min),  suggesting  its  effect  was  overcome  by 
anticholinesterase-induced  overproduction  of  mAChE-R.  Consistent  with  this  hypothesis,  antisense 
oligonucleotides  (2  daily  intracerebroventricular  injections  of  25  ng)  arrested  mAChE-R  synthesis, 
selectively  reduced  mAChE-R  levels  and  afforded  an  extended  (>24  hr)  suppression  of  the  abnormal 
social  recognition  pattern  in  transgenics.  Efficacy  of  antisense  treatment  was  directly  correlated  to  AChE- 
R  levels  and  the  severity  of  the  impaired  phenotype,  being  most  apparent  in  transgenics  presenting  highly 
abnormal  pre-treatment  behavior.  These  findings  demonstrate  that  neuronal  AChE-R  overproduction  is 
involved  in  various  behavioral  impairments  and  anticholinesterase  responses,  and  point  to  the  antisense 
strategy  as  a  potential  approach  for  re-establishing  cholinergic  balance. 

Introduction 

Social  behavior  is  a  complex  phenotype,  composed  of  the  individual’s  general  level  of  activity,  cognitive 
perception  and  anticipation  of  the  outcome  of  such  behavior1 .  Working  and  storage  memory  and  the 
ability  to  integrate  information  can  also  contribute  towards  social  behavior,  which  is  tightly  linked  to 
cholinergic  neurotransmission.  For  example,  the  hypocholinergic  features  of  Alzheimer’s  disease  (AD) 
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patients  include  aggressive  behavior  and/or  avoidance  of  novel  social  challenges^,  as  well  as  fears  of 
social  interactions  alleviated  by  treatment  with  anticholinesterases8.  Surprisingly,  anticholinesterases,  e.g. 
tacrine  (tetrahydroaminoacridine,  Cognex",  Parke-Davis),  donepezil  (Aricept",  Pfizer),  rivastigmine 
(Exelon",  Novartis)  and  galantamine  (Reminyl",  Janssen),  were  reported  to  cause  more  pronounced 
improvement  in  more  severely  affected  patients.  To  explain  the  molecular  basis  of  this  phenomenon,  re- 
evaluation  is  needed  of  the  linkage  between  cholinergic  neural  pathways,  social  behavior  and 
acetylcholinesterase  (AChE). 

Both  anticholinesterase  exposure  and  stressful  insults,  i.e.  confined  swim,  induce  in  the  mammalian  brain 
a  rapid  c-fos  elevation  that  mediates  muscarinic  responses  and  subsequent  ACHE  overexpression  .  A 
stress-associated  switch  in  alternative  splicing8,8  diverts  AChE  from  the  major,  "synaptic  AChE-S  to  the 
normally  rare  "readthrough"  AChE-R  variant7.  The  distinctive  non-catalytic  activities  of  these  AChE 
isoforms®,  suggest  links  between  AChE-R  accumulation  and  behavioral  anticholinesterase  responses. 

Transgenic  (Tg)  mice  overexpressing  human  (h)  AChE-S  in  brain  neurons  are  amenable  to  pursuit  of  this 
linkage.  These  mice  present ,  early-onset  loss  of  learning  and  memory  capacities9,  progressive  dendritic 
depletion10,  stress-related  neuropathology8,  and  modified  anxiety  responses11.  However,  their  social 
behavior  and  psychological  stress  responses  have  not  yet  been  addressed. 

AChE-S  Tg  mice  constitutively  overexpress  AChE-R  mRNA  in  their  intestinal  epithelium.  When  exposed  to 
an  organophosphate  anticholinesterase  (DFP),  they  fail  to  increase  further  the  already  overproduced 
AChE-R,  and  present  extreme  DFP  sensitivity.  Humans  with  inherited  AChE  overexpression  are  likewise 
hypersensitive  to  the  anticholinesterase  pyridostigmine12.  Our  working  hypothesis  postulated  that  at 
appropriate  levels,  AChE-R  accumulation  in  response  to  stress  restores  normal  cholinergic  activity  and 
social  behavior.  However,  under  chronic  stress,  acute  anti-AChE  treatment  or  exposure,  or  in  individuals 
with  inherited  AChE  excess,  AChE-R  increases  to  a  limit  beyond  which  their  cholinergic  system  cannot 
further  respond  and  impaired  social  behavior  is  a  result. 

To  test  this  hypothesis,  we  ascertained  whether  (a)  AChE-S  Tg  mice  display  excessive  response  to  a 
mildly  stressful  stimulus,  a  switch  in  the  day/night  cycle13,  (b)  examined  AChE-R  expression  in  their  brain 
neurons;  and  (c)  studied  their  social  recognition  behavior1  ^  before  and  after  administration  of  tacrine  or 
AS3,  an  antisense  oligonucleotide  (AS-ON)  shown  to  selectively  suppress  AChE-R  production1^.  Our 
findings  demonstrate  constitutive  mAChE-R  accumulation  with  inter-animal  variability  in  brain  neurons  of 
hAChE-S  Tg  mice,  associated  with  an  exaggerated  response  to  changes  in  circadian  rhythm,  and 
impaired  social  recognition,  which  are  amenable  to  effective  AS-ON  suppression. 


Materials  and  Methods 

Animals:  AChE-S  Tg  mice  were  obtained  in  a  100%  FVB/N  genotype  from  heterozygous  breeding  pairs 
(Beeri  et  al.,  1995).  Control,  non-Tg  FVB/N  mice  were  obtained  by  littermate  breeding.  Adult,  8-20  wk  old 
Tg  and  control  male  mice  were  housed  4-5/cage  in  a  12  hr  dark/light  cycle  with  free  access  to  food  and 
water.  All  experiments  were  conducted  during  the  first  half  of  the  dark  phase  of  a  reversed  12  hr  dark/light 
cycle,  under  dim  illumination.  Routine  locomotor  activity  in  the  home  cage  was  measured  using  a  remote 
motility  detector  (MFU  2100,  Rhema-Labortechnik,  Hofheim,  Germany)  to  quantify  changes  in  the 
electromagnetic  field. 
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Telemetric  measurements:  Battery  operated  biotelemetric  transmitters  (model  VM-FH,  Mini  Mitter,  Sun 
River,  OR,  USA)  were  implanted  in  the  peritoneal  cavity  under  ether  anesthesia  12  days  prior  to  the  test. 
After  implantation,  mice  were  housed  in  separate  cages  with  free  access  to  food  and  water.  Output  was 
monitored  by  a  receiver  board  (model  RA-1010,  Mini  Mitter)  placed  under  each  animal’s  cage  and  fed  into 
a  peripheral  processor  (BCM  100)  connected  to  a  desktop  computer.  Locomotor  activity  after  the 
dark/light  shift  was  measured  by  detecting  changes  in  signal  strength  as  animals  moved  about  in  their 
cages,  so  that  the  number  of  pulses  that  were  generated  by  the  transmitter  was  proportional  to  the 
distance  the  animal  moved.  The  cumulative  number  of  pulses  generated  over  the  noted  periods  was 
recorded18.  Recording  lasted  24  consecutive  hrs,  starting  at  9:30  am,  with  the  light  phase  of  a  12:12  hr 
dark  /  light  cycle  beginning  at  7:00  a.m.  To  initiate  a  day/night  switch,  the  dark/light  periods  were  reversed 
and  recording  started  72  hr  after  the  switch  and  lasted  24  hr.  Following  intraperitoneal  injection  of  AS-ONs 
(see  below),  recording  proceeded  for  an  additional  3  hr. 

Social  exploration  tests:  Each  mouse  was  placed  in  a  semicircular,  transparent  observation  box  and 
allowed  15  min  for  habituation,  following  which  a  juvenile  male  mouse  (23-29  days  old)  was  introduced. 
The  time  spent  by  the  experimental  mouse  in  social  exploration  consisted  mainly  of  body  and  anogenital 
sniffing,  chasing,  attacking  and  crawling  over  the  juvenile.  Measurements  covered  a  4-min  period,  using  a 
computerized  event  recorder.  Each  mouse  underwent  2  successive  social  exploration  sessions  at  the 
noted  inter-session  intervals.  The  first  session  was  considered  as  baseline.  In  the  second  session  (test), 
either  the  same  or  a  different  juvenile  was  introduced.  Social  recognition  was  calculated  as  percentage  of 
tested  out  of  baseline  exploration  time  recorded  for  each  mouse. 

In  situ  hybridization  and  AChE  activity  measurements:  Animals  were  sacrificed  by  cervical  dislocation, 
and  brains  were  removed  and  dissected  or  fixed  for  in  situ  hybridization.  AChE  activity  was  measured  in 
hippocampus,  cortex  and  cerebellum  extracts  as  described17.  Protein  determination  was  performed  using 
a  detergent-compatible  kit  (DC,  Bio-Rad,  M  nchen,  Germany).  Immunoblot  detection  of  specific  AChE 
isoforms  was  as  reported1®. 

For  in  situ  hybridization,  5  pm  paraffin  sections  of  brain  tissue  were  prepared  after  fixation  by  transcardial 
perfusion  of  anaesthetized  mice  with  4%  paraformaldehyde  in  PBS  (pH  7.4).  A  50-mer  fully  2’-0- 
methylated  5’-biotinylated  AChE-R  cRNA  probe  was  applied  as  described4.  Following  probe  detection 
with  a  streptavidin-alkaline  phosphatase  conjugate  (Amersham  Pharmacia  Biotech  Ltd.,  Little  Chalfont, 
UK)  and  Fast  Red  as  the  reaction  substrate  (Roche  Diagnostics,  Mannheim,  Germany),  micrographs  of 
hippocampal  and  cortical  neurons  were  subjected  to  semi-quantitative  evaluation  of  Fast  Red  staining. 
Mean  signal  intensities  of  light  micrographs  (taken  with  a  Real-14  color  digital  camera,  CRI,  Boston,  MA, 
USA)  were  analyzed  using  Image  Pro  Plus  (Media  Cybernetics,  Silver  Spring,  MD,  USA)  image  analysis 
software.  The  mean  intensity  of  Fast  Red  labeling  was  measured  in  CA3  hippocampal  and  cortical 
neurons  and  corrected  for  background  staining  in  each  picture. 

Cytochemistry  of  glial  fibrillary  acidic  protein  (GFAP)  was  performed  as  described8.  Briefly,  floating, 
formalin-fixed,  30  pm,  coronal  cryostat-sections  were  pretreated  with  trypsin  (type  II,  Sigma  Chemical  Co., 
St.  Louis,  MO,  USA)  0.001%  for  1  min.  Sections  were  incubated  overnight  at  4°C  with  a  mouse  anti-glial 
fibrillary  acidic  protein  (GFAP)  antibody  (clone  GA-5,  Sigma-lsrael,  Rehovot,  Israel),  diluted  1 :500.  Then 
sections  were  incubated  overnight  at  4°C  with  horseradish  peroxidase-labeled  goat-anti-mouse  antibody 
(Sigma-lsrael),  diluted  1:100.  Color  was  developed  by  reaction  with  diaminobenzidine  0.0125%,  nickel 
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ammonium  sulfate  0.05%  and  hydrogen  peroxide  (0.00125%).  Sections  were  counterstained  with  cresyl 
violet. 

Quantitative  analysis  of  the  hippocampal  stratum  lacunosum  moleculare  (SLM)  was  performed  at  the  level 
of  posterior  2.5  mm  from  bregma.  Using  a  40x  objective,  consecutive  fields  of  the  SLM  were  visualized 
with  a  Nikon  microscope  and  processed  using  an  AnalySIS  image  analysis  system.  A  total  of  35 
astrocytes  were  sampled  from  each  group  (control  vs.  Tg).  The  variables  that  were  compared  were 
intensity  of  staining  of  the  soma  (arbitrary  units  from  a  range  of  256  shades  of  gray),  soma  size  (  m2),  and 
thickness  of  the  largest  process  (dendrite)  of  each  astrocyte  at  the  process  stem  (  m).  Statistical 
comparisons  were  made  using  Student  s  t-test,  with  68  degrees  of  freedom. 


Considerations  for  designing  antisense  tests:  In  vivo  antisense  suppression  of  de  novo  AChE-R 
synthesis  was  employed  throughout  the  current  study  to  provide  a  proof  of  concept  (i.e.  demonstrate  the 
causal  involvement  of  the  secretory,  soluble  mAChE-R  variant  in  the  excessive  locomotor  activity  and  the 
impaired  social  recognition  of  Tg  mice).  Two  types  of  experiments  were  performed:  (1) 
intracerebroventricular  ( i.c.v .)  AS 3  injection  of  animals  subjected  to  longitudinal  social  exploration  tests 
(up  to  one  week  post-treatment)  and  (2)  i.c.v.  injection  followed  by  1-day  social  exploration  test, 
immunochemical  detection  and  measurement  of  catalytic  activity  of  brain  AChE.  Both  of  these  were 
associated  with  certain  inherent  limitations,  as  is  detailed  below,  yet  each  test  provided  evidence  to 
support  part  of  the  explored  concept. 

Intracranial  AS-ON  injection  is  inherently  more  powerful  when  centrally  controlled  behavioral  parameters 
are  sought;  limitations  in  this  case  involve  the  duration  of  tests  (as  the  animals  are  all  at  a  post-surgery 
state)  and  the  requirement  to  control  for  the  outcome  of  this  surgical  procedure  in  addition  to  the 
behavioral  test  itself.  To  avoid  excessive  complications,  we  refrained  from  employing  double  operations 
(and,  therefore,  could  not  use  telemetric  measurements,  which  require  transmitter  implantation,  on  i.c.v- 
injected  animals). 

The  experimental  controls,  as  well,  were  chosen  after  careful  consideration.  Each  test  should  involve  both 
Tg  and  control  animals,  as  well  as  sham  treatment  (injection  of  either  saline  or  an  irrelevant 
oligonucleotide)  and  comparison  between  pre-  and  post-treatment  phenotypes.  Whenever  possible, 
animals  were  self-compared,  requiring  careful  time-of-day  comparisons;  in  other  cases,  groups  of  animals 
with  similar  pre-treatment  behavior  patterns  were  compared  to  each  other  with  regard  to  the  efficacy  of  the 
antisense  treatment.  Neither  of  these  tests  is  conclusive  by  itself,  however,  their  cumulative  outcome 
substantially  supported  the  possibility  of  employing  antisense  knockdown  in  careful  behavioral  tests. 

Cannula  implantation:  Mice  under  sodium  pentobarbital  anesthesia  (50  mg/Kg,  ip.)  were  placed  in  a 
stereotaxic  apparatus.  Skulls  were  exposed  and  a  burr  hole  was  drilled.  Implantation  was  with  a  26-gauge 
stainless  steel  guide  cannula  (Plastics-One  Inc.,  Roanoke,  VA,  USA).  The  tip  of  the  guide  cannula  was 
positioned  1  mm  above  the  left  lateral  ventricle  according  to  the  following  coordinates:  A:  -0.4  -0.66*  (bl- 
3.8),  (bl  =  bregma-lamda);  L:  1.5;  D:  -2.2.  The  guide  cannula  was  secured  to  the  skull  with  3  stainless- 
steel  screws  and  dental  cement,  and  was  closed  by  a  dummy  cannula.  Mice  were  housed  in  individual 
cages  and  allowed  postoperative  recovery  of  10-14  days  before  experiments. 

Preparation  of  AS-ON:  For  i.c.v.  injection,  2’-0-methyl  protected  (three-3  nucleotides)  oligonucleotides 
(5  M)  targeted  against  murine  AChE  (AS3)  or  BuChE  (ASB)  mRNA15  were  combined  with  13  M  of  the 
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lipophilic  transfection  reagent  DOTAP  (Roche  Diagnostics)  in  PBS  and  incubated  for  15  min  at  37°C  prior 
to  injection.  One  I  (25  ng)  of  this  oligonucleotide  solution  was  injected  in  each  treatment. 

I.c.v.  administration  of  AS-ON:  For  intracranial  microinjections,  solutions  were  administered  through  a 
33-gauge  stainless  steel  internal  cannula  (Plastic  One  Inc.),  which  was  1  mm  longer  than  the  guide 
cannula.  A  PE20  tube  connected  the  internal  cannula  to  a  microsyringe  pump  (KD  Scientific  Instruments, 
Boulder,  CO,  USA).  Solutions  were  administered  at  a  constant  rate  during  1  min,  followed  by  1  min  during 
which  the  internal  cannula  was  left  within  the  guide  cannula,  to  avoid  spillage  from  the  guide  cannula. 
Correct  positioning  of  the  cannula  was  verified  following  each  experiment  by  injection  of  trypan  blue 
through  the  cannula  and  testing  dye  distribution  after  removal  of  the  brains. 

Statistical  analysis:  The  results  of  the  in  situ  hybridization  experiment  were  analyzed  by  a  t-test.  The 
results  of  the  circadian  shift  (Fig.  3C)  were  analyzed  by  a  three-way,  repeated  measures  ANOVA 
(genotype  x  day  (routine/reversed)  x  circadian  phase  (dark/light)).  The  results  of  the  social  recognition  test 
(Fig.  4)  were  analyzed  by  a  three-way,  repeated  measures  ANOVA  (genotype  x  stimulus  animal  (same  or 
different  juvenile)  x  intersession  interval).  The  results  of  the  experiment  on  tacrine  s  effect  on  social 
recognition  (Fig.  5)  were  analyzed  by  a  three-way  ANOVA  (genotype  x  stimulus  animal  (same  or  different 
juvenile)  x  drug  (tacrine/saline)).  The  results  of  the  effect  of  AS 3  on  social  recognition  (Fig.  6A)  were 
analyzed  by  a  two-way,  repeated  measures  ANOVA  (pretreatment  (short/long  explorers)  x  time  (days 
after  injection)).  The  results  of  the  specificity  of  AS3  effect  (Fig.  7)  were  analyzed  by  a  three-way  ANOVA 
(genotype  x  drug  (AS3/ASB)  x  time  (before/after  the  treatment)).  All  ANOVAs  were  followed  by  post-hoc 
tests  with  the  Fisher  PLSD  procedure. 


Results 

Transgenic  mice  overexpress  host  AChE-R:  To  explore  the  specific  contribution  of  variant  AChE 
mRNA  transcripts  towards  neuronal  ACHE  gene  expression,  Tg  mice  overexpressing  hAChE-S  in  the 
nervous  system  were  tested  by  high  resolution  in  situ  hybridization  using  cRNA  probes  selective  for  each 
of  the  two  major  AChE  variants.  Excessive  labeling  was  observed  in  hAChE-S  Tg  mice  as  compared  with 
controls  in  which  hybridization  was  performed  with  the  AChE-S  selective  probe.  This  was  consistent  with 
the  expected  cumulative  contribution  of  the  overexpressed  human  transgene  and  the  host  mouse 
(m)AChE-S  mRNA  transcrip9-1  °t.  However,  hAChE-S  Tg  mice  also  displayed  variably  excessive  labeling 
with  the  AChE-R  cRNA  probe,  decorating  mouse  (m)AChE-R  mRNA.  Fig.  1  presents  a  representative 
micrograph  of  mAChE-R  mRNA  overexpression  in  the  cortex  and  hippocampus  of  a  Tg  as  compared  to  a 
control  mouse.  Neuronal  mAChE-R  mRNA  overproduction  in  these  Tg  mice  was  heterogeneous  in  its 
extent,  yet  significantly  higher  than  that  in  control  mice.  Analysis  of  Fast  Red  staining  showed  an  increase 
from  an  average  of  20  -  3  arbitrary  intensity  units  (-  standard  error  of  the  mean,  S.E.M.)  in  5  control 
animals  to  41  -  5.5  in  6  transgenics  (t(9)  =  10.27,  p<  0.05).  This  suggested  an  inherited  predisposition  to 
constitutive  AChE-R  overproduction  in  Tg  mice.  Because  AChE-R  overproduction  is  associated  with 
psychological  stress,  this  further  called  for  evaluating  its  neuroanatomical  and  behavioral  manifestations. 

Hypertrophy  in  hippocampal  astrocytes  reflects  elevated  stress  in  hAChE-S  Tg  mice: 

Immunocytochemical  labeling  of  glial  fibrillary  acidic  protein  (GFAP)  was  used  in  search  of  an  independent 
parameter  for  evaluating  the  stress-prone  state  of  hAChE-S  Tg  mice.  Hippocampal  astrocytes  are  known 
from  previous  studies  to  be  sensitive  to  various  forms  of  stress1®-19.  This  property  is  manifest  in 
morphological  changes,  increased  size  of  cell  soma  and  of  astrocytic  processes  (dendrites)  collectively 
called  hypertrophy  and  which  is  accompanied  by  increased  expression  of  GFAP.  The  hippocampal  SLM 
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is  particularly  enriched  in  astrocytes,  which  appeared  to  be  hypertrophic  in  hAChE-S  Tg  mice  (Fig.  2,  B,D) 
as  compared  to  age-matched  controls  (Fig.  2,  A,C).  Astrocytes  in  other  regions,  such  as  cortex  appeared 
unchanged  (Fig.  2,  E,F).  Fig.  2  presents  this  selective  hippocampal  change,  which  is  generally  considered 
to  reflect  the  cumulative  load  of  stressful  insults  in  the  mammalian  brain  and  is  frequently  associated  with 
impaired  cognitive  and  behavioral  properties^. 

Intensity  of  staining  of  GFAP-like  immunoreactivity  in  the  astrocytic  soma  was  significantly  higher  in  Tg 
mice  (176.3  ±  4.0,  arbitrary  units)  compared  to  control  mice  (147.8  ±  3.5,  t  =  5.3,  p<0.0001).  Cross- 
sectional  area  of  the  astrocytic  soma  was  significantly  increased  in  Tg  (45.9  ±  1.4  m2)  compared  to 
control  mice  (35.4  ±  1 .5,  t  =  5.16,  p<  0.0001 ).  The  stem  thickness  of  the  large  astrocytic  process  (dendrite) 
was  greater  in  Tg  mice  (1.75  ±  0.05  m)  compared  to  control  mice  (1.32  ±  0.05,  t  -  6.21,  p<0.0001). 
Taken  together,  these  data  form  a  picture  of  20-30%  hypertrophy  in  hippocampal  astrocytes  of  hAChE-S 
Tg  mice,  consistent  with  the  earlier  reports  of  stress-associated  and  pathology-associated  astrocytic 
hypertrophy1®-1 9. 

AChE  overexpression  predisposes  to  hypersensitivity  to  changed  circadian  cycle:  Behavioral 
differences  between  Tg  and  control  mice  were  first  sought  by  recording  locomotion  patterns.  Under 
routine  conditions,  both  genotypes  displayed  similar  home  cage  activity  (Fig.  3A).  Their  circadian  rhythms 
included,  as  expected,  significantly  more  frequent  and  pronounced  locomotor  activity  during  the  dark 
phase  of  the  circadian  cycle  (F(1,24)  =  18.16,  p<0.001)  (summarized  in  Fig.  3C).  Seventy-two  hr  following 
reversal  of  the  light/dark  phases  both  genotypes  lost  most  of  the  circadian  rhythm  in  their  locomotor 
activity,  as  reported  by  others21,  but  presented  distinctive  behavioral  patterns  (Fig.  3B  and  3C).  After  the 
shift,  hAChE-S  Tg  mice  showed  a  general  increase  in  activity,  which  was  reflected  in  a  significant 
genotype  by  day  (routine  vs.  reversed)  interaction  (F(1,24  =  4.68,  p<0.05).  Post-hoc  tests  demonstrated  in 
Tg  mice  significantly  increased  activity  in  the  reversed  cycle  (compared  with  activity  in  the  routine  cycle), 
both  during  the  dark  and  the  light  phases  (p<0.05).  In  addition,  activity  in  the  dark  phase  of  the  reversed 
cycle,  was  significantly  greater  in  Tg  compared  with  control  mice.  These  findings  indicate  that  adjustment 
to  the  circadian  insult  was  markedly  impaired  in  Tg  mice,  suggesting  that  these  mice  display  a  genetic 
predisposition  to  abnormal  responses  to  changes  in  the  circadian  rhythm.  The  transgenics  intensified 
activity  was  found  to  be  suppressed  for  a  short  time  (<  3  hr)  by  intravenous  administration  of  AS-ONs 
targetted  to  AChE  mRNA  (preliminary  data,  data  not  shown). 

Impaired  social  recognition  due  to  AChE  excess:  In  the  social  recognition  paradigm,  control  mice 
could  recognize  a  previously  encountered  (  same  )  juvenile.  This  is  manifest  as  a  reduction  in  exploration 
time  in  the  second  exposure  of  the  mice  to  the  same,  but  not  to  a  different  juvenile,  provided  that  the  time 
interval  from  the  end  of  the  first  encounter  with  that  juvenile  to  the  beginning  of  the  memory  test  did  not 
exceed  15  min.  As  expected,  this  memory  decayed  with  increased  intersession  interval.  In  contrast,  Tg 
mice  tended  to  explore  the  previously  introduced  juvenile  longer  than  control  mice  and  did  not  display 
social  recognition  even  after  a  short  interval  of  5  min  (Fig.  4).  These  findings  were  reflected  by  a 
significant  statistical  interaction  between  the  genotype  (control  vs.  Tg)  and  the  stimulus  juvenile 
(same/different)  (F(1 ,76)  =  9.93,  p<0.01).  In  Tg  mice,  post-hoc  analysis  revealed  significant  reduction  in 
exploration  time  only  when  Tg  mice  were  tested  immediately  after  the  baseline  (0  interval)  with  the  same 
juvenile.  These  results  are  consistent  with  the  cholinergic  modulation  of  social  recognition  behavior22. 

The  reversible  AChE  inhibitor,  tacrine,  has  been  clinically  used  for  blocking  acetylcholine  hydrolysis  and 
extending  the  impaired  memory  of  Alzheimer  s  disease  patients®.  Therefore,  we  tested  the  capacity  of 


tacrine  (1 .5  mg/Kg),  injected  immediately  following  a  baseline  encounter  with  a  juvenile  mouse,  to  improve 
the  social  recognition  of  Tg  mice.  Injected  mice  were  tested  with  either  the  same  or  a  different  juvenile 
following  a  10-min  interval.  As  expected  from  previous  reports  on  the  beneficial  effects  of  tacrine  on  social 
recognition  in  rats^®,  injection  of  Tg  mice  with  tacrine  induced  a  significant  improvement  in  recognition 
memory,  with  post-treatment  performance  similar  to  that  displayed  by  untreated  control  mice.  In  contrast, 
Tg  mice  displayed  no  recognition  of  the  same  juvenile  when  injected  with  saline,  and  non-Tg  control  mice 
maintained  unchanged  recognition  performance  when  injected  with  either  tacrine  or  saline  (Fig.  5).  These 
findings  were  reflected  by  a  significant  3-way  interaction  between  the  genotype,  (control/Tg),  the  stimulus 
juvenile  (same/different)  and  the  drug  (tacrine/saline)  (F(1 ,52)  =  4.18,  p<0.05).  In  a  similar  experiment,  in 
which  the  injections  preceded  the  social  recognition  test  by  40,  rather  than  10  min,  tacrine  had  no  effect  in 
either  Tg  or  control  mice  (data  not  shown).  Therefore,  tacrine  facilitated  memory  consolidation  when 
administered  during  the  consolidation  process,  but  did  not  affect  acquisition  of  memory  when  given  in 
advance. 

Explorative  behavior  is  inversely  correlated  with  brain  AChE  activity:  Apart  from  its  improvement  of 
memory,  tacrine  suppressed  the  exploration  behavior  toward  a  different  juvenile  in  control  (p<0.05)  but  not 
in  Tg  mice.  Decreased  locomotor  activity  under  tacrine  treatment  was  suggested  to  reflect  cholinergic 
mediation  of  social  exploration  behavior^.  To  further  investigate  this  concept,  control  mice  were  divided 
into  3  equal  groups  (n  =  10),  presenting  short,  intermediate  or  long  exploration  time  of  same  juveniles. 
AChE  activity  was  determined  in  the  cortex  and  hippocampus  of  each  subgroup,  24  hr  following  social 
recognition  tests  of  the  "same"  juvenile  (presented  10  min  following  first  exposure).  Mice  with  lower  levels 
of  cortical  and  hippocampal  AChE  activity  spent  more  interaction  time  with  the  same  juvenile  than  mice 
with  high  AChE  activity  levels  (Table  1),  so  that  their  explorative  behavior  was  inversely  correlated  with 
cortical  and  hippocampal  AChE  activity  levels  (correlation  magnitude,  r  =  -0.49  and  0.41,  respectively). 
Compared  to  shorter  explorers,  longer  explorer  mice  exhibited  a  29%  reduction  in  cortical  AChE  activity, 
corresponding  to  a  >80%  increase  in  social  exploration  time.  The  significance  of  the  difference  between 
the  shorter  and  longer  explorers  was  verified  by  ANOVA  (F(2,27)  =  4.89,  p<0.05)  and  post-hoc  tests. 

The  lack  of  tacrine  effect  on  the  social  recognition  performance  in  control  mice,  and  its  improvement  effect 
on  the  social  recognition  in  transgenics,  with  approximately  50%  excess  AChE®,  presented  an  apparent 
contradiction  to  the  inverse  correlation  between  AChE  catalytic  activity  and  social  exploration.  One 
potential  explanation  to  this  complex  situation  was  that  the  inverse  correlation  in  control  mice  reflected 
primarily  the  levels  of  the  synaptic  enzyme  AChE-S;  in  contrast,  the  massive  mAChE-R  excess  in  the  Tg 
brain  could  cause  their  impaired  social  recognition  behavior.  According  to  this  working  hypothesis, 
selective  suppression  of  AChE-R  should  improve  the  social  recognition  performance.  To  test  this 
hypothesis,  we  adopted  i.c.v.  injection  of  AS3  to  prevent  de-novo  mAChE-R  production^®.  Mice  were 
tested  in  the  social  exploration  paradigm  once  before  (baseline)  and  then  1,  3  and  6  days  after  2  daily 
injections  of  AS3.  Fig.  6A  presents  the  experimental  design  of  these  tests. 

AS3  improvement  of  social  exploration  increases  in  efficacy  and  duration  in  animals  with  severe 
pre-treatment  impairments:  Post-treatment  follow-up  of  social  exploration  was  performed  1,  3  and  6 
days  following  AS3  treatment  in  animals  with  short,  medium  and  long  pre-treatment  social  exploration 
behavior  (n  =  5-6/group).  As  expected,  there  was  a  significant  overall  difference  between  the  short  and  the 
long  groups  in  exploration  time  (F(1,24)  =  10.81,  p<0.05).  However,  post-hoc  tests  revealed  that  these 
groups  differed  significantly  only  during  the  pre-treatment  day  (p<0.05),  and  not  after  the  AS3  treatment 
(Fig.  6B).  Furthermore,  within  the  long,  but  not  the  short  explorers  group,  social  exploration  of  the  same 
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juvenile  was  significantly  reduced  (p<0.05)  one  day  after  the  AS3  injection  (attesting  to  the  efficacy  of  this 
treatment),  with  progressive  increases  in  social  exploration  time  during  the  5  subsequent  days.  Because 
of  the  pre-treatment  differences,  the  severely  impaired  animals  sustained  a  certain  level  of  improvement 
even  at  the  sixth  post-treatment  day  (Fig.  6B)  (i.e.,  even  on  this  day  there  was  no  resumption  of  the  pre¬ 
treatment  difference  between  the  short  and  long  explorers).  This  experiment  thus  demonstrated 
reversibility  of  the  antisense  treatment,  however  with  exceedingly  long  duration,  especially  in  animals  with 
severe  pre-treatment  impairments  and  in  comparison  to  the  short-term  efficacy  of  tacrine. 

Antisense  AChE-R  mRNA  suppression  selectively  reduces  brain  AChE-R  protein:  Tg  mice  with  long 
pre-treatment  explorative  behavior  displayed  a  significant  improvement  in  social  exploration  of  the  same 
juvenile  24  hr  following  the  second  treatment  with  AS3,  but  not  with  the  irrelevant  AS-ON  ASB  (Fig.  8A) 
(F(1 ,10)  =  33.95,  p<0.001).  ASB,  targeted  to  the  related  enzyme,  butyrylcholinesterase,  served  as  a 
sequence  specificity  control.  Control  mice  with  either  long  or  short  pre-treatment  social  exploration 
showed  no  response  to  either  AS3  or  ASB  (Fig.  7A  and  data  not  shown),  attesting  to  the  selectivity  of  this 
treatment  for  treating  AChE-R  overexpressing  animals  and  its  sequence-specificity  in  reversing  the  AChE- 
R  induced  impairment  of  behavior. 

Catalytic  activity  measurements  performed  24  hr  after  the  last  AS-ON  injection  failed  to  show  differences, 
perhaps  due  to  the  limited  number  of  animals  and  the  variable  enzyme  levels.  However,  immunodetected 
AChE-R  protein  levels  were  significantly  lower  in  AS3  treated  mice  as  compared  with  ASB  treated  mice, 
regardless  of  their  genotype  or  pre-treatment  behavior  pattern  (Fig  7B  and  data  not  shown,  F(1,22)  = 
19.63,  p<0.001).  In  contrast,  densitometric  analysis  of  immunodetected  total  AChE  protein  (detected  by  an 
antibody  targeted  to  the  N-terminus,  common  to  both  isoforms)  revealed  essentially  unchanged  signals 
(data  not  shown).  In  further  tests  for  potential  association,  post-treatment  AChE-R  levels  were  plotted  as  a 
function  of  the  social  exploration  values.  Data  points  clustered  separately  before  the  AS-ON  treatment 
(Fig.  8A),  with  both  AChE-R  levels  and  exploration  times  of  controls  clearly  different  from  transgenics. 
After  treatment,  long  explorer  transgenics  shifted  to  short  exploration  values  (Fig.  8B).  Intriguingly,  the 
explorative  behavior  of  long  explorer  controls  was  not  affected  by  the  treatment,  indicating  that  the 
reduction  in  mAChE-R  following  AS3  treatment  affected  only  animals  that  were  behaviorally  impaired 
before  the  treatment. 


Discussion 

Combination  of  behavioral,  molecular  and  biochemical  analyses  revealed  multileveled  contributions  of 
cholinergic  neurotransmission  and  ACHE  gene  expression,  towards  the  general  activity  and  social 
behavior  of  adult  Tg  mice  over-expressing  neuronal  AChE.  In  addition  to  inherited  excess  of  hAChE-S, 
these  Tg  mice  display  conspicuous  yet  heterogeneous  overexpression  of  the  stress-associated 
"readthrough”  mAChE-R  in  their  cortical  and  hippocampal  neurons.  Nevertheless,  they  present  close  to 
normal  activity  patterns  under  normal  maintenance  conditions  with  minimal  external  challenges.  In 
contrast,  their  capacity  to  adjust  to  behavioral  changes  in  response  to  external  signals  appears  to  be 
compromised,  suggesting  that  they  suffer  genetic  predisposition  for  adverse  responses  to  stressful 
stimuli^. 

Behavioral  and  learning  impairments  of  cholinergic  origin:  When  subjected  to  a  day/night  switch, 
hAChE-S  Tg  mice  respond  with  excessive  bursts  of  locomotor  activity,  particularly  during  the  dark  phase, 
but  also  during  the  light  phase  of  the  post-shift  diurnal  cycle.  In  preliminary  experiments,  this  excessive 
activity  could  be  transiently  suppressed  by  antisense  oligonucleotides,  which  was  especially  encouraging 
in  view  of  the  progressively  impaired  neuromotor  functioning  in  these  mice^.  Matched  controls,  unlike 
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transgenics,  display,  as  expected,  relatively  suppressed  locomotor  activity  during  the  post-shift  dark 
phased  When  confronted  twice  with  a  conspecific  young  mouse,  hAChE-S  Tg  mice  spend  significantly 
longer  periods  than  controls  in  the  social  interactions  characterizing  such  confrontations.  Similarly,  in  a 
new  environment,  hAChE-S  Tg  mice  displayed  increased  locomotor  activity  as  compared  with  controls11. 
In  the  social  recognition  paradigm,  they  failed  to  remember  a  conspecific  juvenile,  even  following  a  delay 
interval  of  only  5  min.  This  extends  previous  reports  on  their  spatial  learning  and  memory  impairments9’10 
and  agrees  with  previous  reports22’2^  on  the  social  behavior  changes  associated  with  cholinergic 
impairments. 

Several  other  neurotransmission  systems,  e.g.  vasopressin28,  are  most  likely  related,  as  well,  with 
impaired  social  interactions.  In  hAChE-S  Tg  mice,  however,  this  phenotype  may  be  attributed  to 
hypocholinergic  functioning  due  to  AChE  excess,  as  is  evident  from  the  capacity  of  the  AChE  inhibitor 
tacrine  to  retrieve  their  social  recognition.  Nevertheless,  tacrine’s  effects  appeared  surprisingly  short-lived, 
consistent  with  findings  of  others29.  In  contrast,  exceedingly  low  doses  of  oligonucleotides  suppressing 
AChE-R  synthesis  exerted  considerably  longer-term  improvement  of  the  social  recognition  skills  of  Tg 
mice.  This  suggested  non-catalytic  activities  as  an  alternative  explanation(s)  for  the  behavioral  and 
cognitive  impairments  caused  by  AChE-R  excess80. 

Circadian  switch  as  a  behavioral  stressor:  Cholinergic  neurotransmission  circuits  are  known  to  be 
subject  to  circadian  changes1  and  control  the  sensorimotor  cortical  regions  regulating  such  activity81. 
Therefore,  the  intensified  response  of  hAChE-S  Tg  mice  to  the  circadian  switch  suggested  that  their 
hypocholinergic  state  is  the  cause.  The  variable  nature  of  the  excessive  locomotor  activity  in  the  Tg  mice 
indicates  an  acquired  basis  for  its  extent  and  duration.  A  potential  origin  of  such  heterogeneity  could  be 
the  variable  extent  of  neuronal  mAChE-R  mRNA  in  the  sensorimotor  cortex  and  hippocampal  neurons. 
Both  psychological4  and  physical  stressors1  5  induce  neuronal  AChE-R  overproduction.  Exaggerated 
stress  responses,  such  as  the  intense  locomotor  response  to  the  mild  stress  of  a  circadian  switch,  can 
hence  be  expected  to  exacerbate  the  hypocholinergic  state  of  these  already  compromised  animals, 

In  social  behavior  tests,  hAChE-S  Tg  mice  display  impaired  recall  processes  causing  poor  recognition 
when  confronted  with  a  conspecific  young  mouse.  Therefore  AChE-R  overexpression,  which  is  also 
induced  under  stress4,  may  be  causally  involved  with  the  reported  suppression  of  recall  processes  under 
stress82  as  well  as  with  the  apparent  correlation  between  stress  and  hippocampal  dysfunction88.  This 
suggests  that  excess  AChE-R  can  simultaneously  impair  recall  processes  and  induce  excessive 
locomotion.  Stress-induced  effects  on  learning  and  memory  processes  have  been  reported  by  others84, 
but  were  not  correlated  with  AChE  levels.  Our  current  findings  of  improvement  in  trangenics’  exploration 
behavior  following  tacrine  injection,  which  would  be  expected  to  augment  cholinergic  neurotransmission, 
strongly  indicate  that  their  hypocholinergic  state  was  the  cause. 

Advantages  and  limitations  of  anticholinesterases:  In  control  mice,  with  low  AChE-R  levels,  tacrine  did 
not  affect  the  normal  social  recognition  capacity.  This  suggests  that  suppression  of  AChE  activity  may 
have  distinct  effects  under  normal  and  stress-induced  conditions.  Tg  mice  with  higher  AChE  levels  have 
accommodated  themselves  to  this  state,  and  it  may  be  this  accommodation  that  renders  them  incapable 
of  facing  a  challenge  by  an  anti-ChE.  One  option  is  that  of  a  threshold  AChE-R  activity  that  would  be 
compatible  both  with  satisfactory  memory  and  normal  locomotion.  This  balance  is  impaired  in  the  Tg  mice 
and  may  also  be  disrupted  under  inducers  of  long-term  AChE-R  overproduction,  e.g.  stress  or  exposure  to 
anticholinesterases6.  This,  in  turn,  implies  that  the  effect  of  anticholinesterases  would  depend  on  the  initial 
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levels  of  specific  AChE  variants  in  the  treated  mammal.  Above  the  behaviorally-compatible  threshold  of 
AChE-R,  anticholinesterases  would  exert  behavioral  improvement,  whereas  below  it,  their  effects  would 
be  limited,  which  can  explain  their  differential  efficacy  in  patients  with  different  severity  of  symptoms. 

Glucocorticoid  regulation  of  cholinergic  behavioral  patterns:  The  separation  between  general 
behavior  patterns  and  learning  paradigms  as  those  relate  to  cholinergic  transmission  may  explain  why 
AChE  transgenics,  so  dramatically  impaired  in  their  learning  capacities,  display  such  subtle  deficiencies  in 
their  daily  behavior.  According  to  this  concept,  a  constitutive  hypocholinergic  condition  would  be  evident 
as  a  failure  to  learn  and  remember,  however,  its  behavioral  effect  will  be  far  less  pronounced,  unless 
challenged.  This  predisposition  to  drastic  responses  to  external  insults  is  indeed  reminiscent  of  the 
reported  behavior  of  demented  patients.  It  had  been  initially  attributed  to  their  elevated  cortisol  levels35, 
which  matches  recent  findings  in  primates35.  Indeed,  cortisol  upregulates  ACHE  gene  expression  and 
elevates  AChE-R  levels37,  possibly  above  the  required  threshold.  In  addition,  both  psychological  stress 
and  glucocorticoid  hormones  were  reported  to  impair  spatial  working  memory38’39,  consistent  with  such 
impairments  in  the  hAChE-S  Tg  mice.  The  intensive  overexpression  of  mAChE-R  in  these  mice  mimics  a 
situation  in  which  the  individual  capacity  for  AChE-R  overproduction  would  be  tightly  correlated  both  with 
the  severity  of  the  behavioral  impairments  induced  under  cholinergic  hypofunction  and  with  the  capacity  of 
anticholinesterases  to  affect  learning  and  behavior  properties. 

Low  dose  and  long  duration  of  efficacy  for  antisense  agents:  The  short  duration  of  the  behavioral  and 
memory  improvements  afforded  by  administration  of  tacrine  parallels  the  time  scale  reported  for  the 
induction  by  such  inhibitors  of  a  transcriptional  activation4.  Together  with  a  shift  in  alternative  splicing  this 
feedback  response  causes  secondary  AChE-R  accumulation  facilitating  the  hypocholinergic  condition40. 
Recent  reports  demonstrate  AChE  accumulation  in  the  cerebrospinal  fluid  of  anticholinesterases-treated 
Alzheimer’s  disease  patients41,  suggesting  that  such  feedback  response  occurs  also  in  humans  with 
cholinergic  deficiencies4^  and  perhaps  explaining  the  gradual  increase  in  anticholinesterase  dosage  that 
is  necessary  to  maintain  their  palliative  value  in  patients. 

Unlike  tacrine,  the  temporary  antisense  suppression  of  AChE  synthesis  improves  social  recognition  in  Tg 
mice  for  up  to  6  days.  This  requires  exceedingly  low  doses  (25  ng  per  daily  treatment)  of  the  antisense 
agent,  about  104-fold  lower  in  molar  terms  than  tacrine  concentrations.  Active  site  enzyme  inhibitors 
should  be  administered  in  stoichiometric  ratios  with  the  large  numbers  of  their  protein  target  molecules. 
Moreover,  the  action  of  such  inhibitors  terminates  when  they  reach  their  target.  In  contrast,  a  single 
chemically  protected  antisense  molecule  can  cause  the  destruction  of  numerous  mRNA  transcripts,  each 
capable  of  producing  dozens  of  protein  molecules.  Assuming  translation  rates  of  approximately  half-hour 
per  chain  and  an  average  half-life  of  several  hours  for  each  transcript,  destruction  of  each  mRNA  chain 
would  prevent  the  production  of  many  protein  molecules.  Therefore,  the  cumulative  efficacy  of  antisense 
agents  can  exceed  that  of  protein  blockers  by  several  orders  of  magnitude43’44.  Moreover,  the  palliative 
effects  of  AS-ON  destroying  AChE-R  mRNA  should  extend  long  after  the  AS-ON  is  destroyed,  because 
AChE-R-induced  adverse  consequences  would  occur  only  above  a  certain  threshold  which  takes  time  to 
accumulate.  Therefore,  the  dose  dependent  nature  of  the  adverse  consequences  of  AChE-R  excess 
makes  it  particularly  attractive  as  a  target  for  antisense  therapeutics. 

We  have  recently  found  that  AChE-R  mRNA,  having  a  long  3’  untranslated  domain,  is  significantly  more 
sensitive  to  antisense  destruction  than  the  synaptic  transcript15’37.  AChE-R  mRNA  transcripts  would 
hence  be  preferentially  destroyed,  so  that  the  excess  of  AChE-R,  but  not  much  of  the  synaptic  enzyme, 
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would  decrease.  This  effect  may  explain  the  extended  duration  and  increased  efficacy  of  the  antisense 
treatment  in  modifying  behavior  and  learning  exclusively  in  those  mice  with  disturbed  social  recognition. 

In  conclusion,  our  study  provides  a  tentative  explanation  for  the  behavioral  impairments  under  imbalanced 
cholinergic  neurotransmission,  attributes  much  of  these  impairments  to  the  stress-related  effects  of  the 
AChE-R  variant  and  suggests  the  development  of  antisense  approach  to  selectively  ameliorate  these 
effects. 
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Table  1 :  Social  exploration  behavior  and  brain  AChE  activities. 


exploration  time 

percent  of  baseline 

specific  AChE  activity 

nmol  ATCh  hydrolyzed/min/mg  protein 

hippocampus 

cortex 

total  population 

80-4 

87-4 

90-5 

shorter  exploration  time 

57-3 

96-6 

104-10 

intermediate  exploration  time 

78-2 

95-6 

92-10 

longer  exploration  time 

104-3 

71  -  7** 

74-8* 

Control  FVB/N  male  mouse  population  (n  =  30)  (3-5  months)  was  divided  into  three  equal  groups  (n  =  10) 
with  short,  intermediate  and  long  exploration  time  of  the  same  juvenile  (shown  as  average  -  S.E.M. 
percent  of  baseline).  Intersession  interval  was  10  min  for  all  groups.  Mice  were  sacrificed  24  hr  after  the 
behavior  test  and  AChE  specific  activities  were  measured  in  hippocampus  and  cortex  extracts.  Asterisks 
mark  significantly  lower  AChE  specific  activity  in  control  long  explorers  as  compared  with  short  explorers 
(p  <0.01  for  hippocampus  and  p  <0.05  for  cortex;  ANOVA  followed  by  post-hoc  tests  with  the  Fisher  PLSD 
procedure). 
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Fig  1:  Intensive  neuronal  AChE-R  mRNA  expression 
in  Tg  mice 

Shown  are  representative  micrographs  of  in  situ 
hybridization  in  parietal  cortex  (Ai,  Bi)  and  hippocampus 
(A2,  B2)  using  an  AChE-R  cRNA  probe  and  Fast  Red 
detection.  Insets:  schematic  drawing  (top)  or  low- 
magnification  micrograph  presenting  the  location  of  higher 
magnification  micrographs  in  the  cortex  and  hippocampal 
CA3  region.  Note  the  intense  AChE-R  expression  in 
cortical  and  hippocampal  neurons  of  Tg  mice. 


hippocampus 
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Fig.  2:  Intensified  GFAP  staining  in  hypertrophic 
hippocampal  astrocytes  of  hAChE-S  Tg  mice  . 

Shown  are  light  microscopy  micrographs  of  GFAP 
immunocytochemical  staining  in  the  brain  of  control 
(A,C,E)  and  Tg  (B,  D,  F)  mice.  Note  the  intensified  cell 
body  staining  in  hippocampal  (A-D)  but  not  in  cortical 
astrocytes  (E,F)  and  the  thickened  process  extensions 
in  the  transgenics’  astrocytes. 
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Fig  3:  Spontaneous  locomotor  activity  of 
control  and  Tg  mice  under  routine 
dark/light  cycle  and  following  cycle 
reversal. 

Locomotor  activity  was  detected  by 
biotelemetric-recorded  movements  for  24  hr 
and  is  displayed  as  percent  of  the  mean 
movements  per  mouse  per  hr.  Shaded 
areas  in  the  figure  indicate  the  dark  phases 
of  the  light/dark  cycle.  A,  routine  cycle;  B, 
shifted  cycle.;  C.  summated  activity 
intensification.  Shown  are  values  of 
locomotor  activity  during  the  dark  and  light 
phases  in  the  daily  cycle  for  Tg  and  age- 
matched  control  mice  under  routine  and 
reversed  cycles.  ^Significantly  different  from 
the  corresponding  group  in  the  routine 
condition  (p<0.05).  Significantly  different 
from  Tg  mice  in  the  dark  phase  of  the 
reversed  condition. 


Fig.  4:  Working  memory  deficiency  in  Tg  mice 

Shown  is  percent  of  baseline  social  exploration  time  for  8-1 1  wk  old 
Tg  and  control  male  mice  as  a  function  of  the  intersession  interval. 
Average  baseline  exploration  time  was  143-5  and  153-5  (sec  - 
S.E.M.)  for  transgenics  (n  =  42)  and  control  mice  (n  =  48), 
respectively.  Asterisks  mark  significant  reductions  of  exploration  time 
toward  the  same  juvenile  (p  <0.05),  as  compared  to  a  different 
juvenile,  i.e.  short-term  working  memory.  Increased  exploration  time 
of  the  same  juvenile  with  increasing  intersession  intervals  reflects 
time-dependent  decay  in  the  working  memory  of  control  mice.  After  a 
5  min  interval,  Tg  mice  displayed  no  reduction  in  exploration  time 
toward  the  same  juvenile,  indicating  that  they  did  not  remember  the 
same  mouse  for  even  5  min. 
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Fig  5:  Tacrine  improves  working  memory  of  Tg  mice 

Presented  is  the  mean  social  exploration  time  -  S.E.M. 
as  percentage  of  baseline  time  for  29  control  and  32  Tg 
mice  (12-15  wk.  old,  7-8  mice/group)  where  either  tacrine 
(1.5  mg/Kg)  or  saline  (10  ml/Kg  body  weight)  was 
administered  intraperitoneally  immediately  following  the 
baseline  exploration  period.  The  intersession  interval  was 
10  min  for  all  groups.  Note  the  post-treatment  shortening 
of  explorative  time  of  Tg  mice,  reflecting  improved 
working  memory.  Asterisks  mark  significant  reduction  of 
exploration  time  toward  the  same  juvenile  (p  <0.05)  as 
compared  to  a  different  juvenile.  #  marks  a  significant 
tacrine-induced  reduction  of  exploration  time  toward  the 
different  juvenile  (p  <0.05). 
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Fig.  6:  l.c.v.  antisense  effect  on  the  excessive  social 
exploration  behavior  of  Tg  mice.  A.  The  experimental 
paradigm.  Shown  is  the  order  of  procedures  and  tests  of  the 
social  exploration  capacity  in  cannula-implanted  mice  following 
antisense  treatment.  See  Materials  and  Methods  for  details.  B. 
Long-term  reversibility  and  correlation  of  treatment  efficacy  with 
the  severity  of  pre-treatment  symptoms.  Shown  are  social 
exploration  values,  in  percent  of  baseline  performance,  for 
cannulated  hAChE-S  Tg  mice  with  short  and  long  pre-treatment 
exploration  of  the  same  juvenile,  following  i.e.v.  AS3  treatment 
(n  =  5  mice  per  group).  Note  that  both  the  efficacy  and  the 
duration  of  the  suppression  effect  are  directly  correlated  to  the 
severity  of  pre-treatment  symptoms.  ^Significantly  different  from 
mice  with  short  exploration  time,  at  day  —2  (p  <0.05). 
Significantly  different  from  mice  with  long  exploration  time,  at 
day  — 2  (p  <0.05). 
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Fig  7:  AS3  decreases  brain  AChE-R  levels  and  ameliorates 
social  recognition  deficits  in  Tg-mice 

Tg  (n  =  36)  and  control  (n  =  22)  cannula-implanted  mice,  10-20 
wk  old,  were  injected  i.c.v.  with  AS-ONs  targeted  against  AChE 
(AS3)  or  butyrylcholinesterase  (ASB)  on  2  consecutive  days. 
Social  exploration  of  the  "same"  juvenile  was  tested  24  hr 
before  (pre)  and  24  hr  after  (post)  injections.  Mice  were 
sacrificed  immediately  after  the  last  social  recognition  test  and 
brain  homogenates  subjected  to  immunodetection  of  AChE-R. 
A.  Social  exploration  behavior.  Shown  are  mean  social 
exploration  of  the  same  juvenile  (percent  of  baseline  -  S.E.M.) 
before  (pre)  and  24  hr  after  (post)  AS-ON  treatment  for  long 
explorer  mice  (see  Table  1).  Asterisk  marks  significant 
reduction  of  social  exploration  time  after  AS3  treatment  (p 
<0.05).  Inset:  Location  of  icv  cannula  in  the  brain  (arrow).  B. 
Immunodetected  AChE-R.  Mean  -  S.E.M.  denistometry  values 
for  immunodetected  AChE-R  in  cortex  extracts  of  the  noted 
groups  post-treatment.  AChE-R  levels  in  uncannulated  control 
mice  were  considered  100%.  Asterisks  mark  significant 
reduction  of  AChE-R  levels  in  AS3  as  compared  to  ASB  treated 
mice  (**:  p  <0.05,  *:  p  <0.1 ).  Note  the  significant  reduction  of 
immunodetected  AChE-R  and  fragments  thereof  in  cortices 
from  both  groups  treated  with  AS3  as  compared  with  those 
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Fig.  8:  Decreased  AChE-R  levels  correlate  with  reduced  social 
exploration  time  in  Tg  mice. 

Presented  are  cortical  AChE-R  levels  (immunodetected  protein, 
percent  of  levels  in  uncannulated  controls)  as  a  function  of  social 
exploration  for  each  mouse  before  (A)  and  after  (B)  AS3 
treatment.  Long-explorer  mice,  each  represented  by  a  dot,  were 
sorted  by  their  genetic  backgrounds  (control  and  Tg).  Note  the 
exclusive  post-treatment  shift  in  the  clustered  distribution  of  the  Tg 
long  explorers,  with  excessive  mAChE-R  levels,  as  compared  with 
the  non-shifted  cluster  of  long-explorer  controls. 
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Complex  Host  Cell  Responses  to  Antisense  Suppression 
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ABSTRACT 

3'-End-capped,  20-mer  antisense  oligodeoxynucleotides  (AS-ODN)  protected  with  2'-0-methyl  (Me)  or  phos- 
phorothioate  (PS)  substitutions  were  targeted  to  acetylcholinesterase  (AChE)  mRNA  and  studied  in  PC  12  cells. 
Me-modified  AS-ODN  suppressed  AChE  activity  up  to  50%  at  concentrations  of  0.02-100  nM.  PS-ODN  was 
effective  at  1-100  nM.  Both  AS-ODN  displayed  progressively  decreased  efficacy  above  10  nM.  In  situ  hy¬ 
bridization  and  confocal  microscopy  demonstrated  dose-dependent  decreases,  then  increases,  in  AChE  mRNA. 
Moreover,  labeling  at  nuclear  foci  suggested  facilitated  transcription  or  stabilization  of  AChE  mRNA  or  both 
under  AS-ODN.  Intracellular  concentrations  of  biotinylated  oligonucleotide  equaled  those  of  target  mRNA  at 
extracellular  concentrations  of  0.02  nM  yet  increased  only  6-fold  at  1  /jlM  ODN.  Above  50  nM,  sequence-inde¬ 
pendent  swelling  of  cellular,  but  not  nuclear,  volume  was  observed.  Our  findings  demonstrate  suppressed 
AChE  expression  using  extremely  low  concentrations  of  AS-ODN  and  attribute  reduced  efficacy  at  higher  con¬ 
centrations  to  complex  host  cell  feedback  responses. 

INTRODUCTION 

Antisense  oligodeoxynucleotides  (AS-ODN)  are  power¬ 
ful  tools  for  sequence-dependent  suppression  of  target 
genes  (Agrawal  and  Kandimalla,  2000;  Crooke,  2000).  AS- 
ODN  are  presumed  to  act  by  facilitating  the  action  of  ribonucle- 
ase  on  mRNA-ODN  hybrids  (Ma  et  al.,  2000;  Wu  et  al.,  1999). 

To  exert  their  effects,  AS-ODN  must  enter  the  cell,  interact 
with  their  target  mRNA  long  enough  for  the  nuclease  to  act,  and 
then  attach  to  another  mRNA.  Much  effort  has  been  devoted  to 
understanding  the  cellular  uptake  and  mechanism  of  action  of 
AS-ODN  (Beltinger  et  ah,  1995).  In  contrast,  less  is  known 
about  host  cell  responses  to  this  process.  For  example,  it  is  not 
known  whether  AS-ODN-treated  cells  compensate  for  lost 
mRNA.  This  issue  is  important,  as  feedback  upregulation  of  a 
targeted  gene  may  mask  antisense  effects  and  encourage  the  use 
of  excessively  high  concentrations  of  ODN. 

Another  important  issue  to  address  relates  to  the  effects  of 


foreign  DNA  and  AS-ODN  degradation  products,  such  as  free 
nucleotides,  on  cellular  physiology.  Nucleotides  and  their 
analogs  modulate  cell  volume  through  several  independent 
mechanisms  (Galietta  et  ah,  1992).  Under  physiologic  steady- 
state  conditions,  cell  volume  is  held  constant  by  a  pump-leak 
mechanism.  The  osmotic  pressure  arising  from  impermeable 
cytoplasmic  solutes  is  balanced  by  the  Na+/K+  pump,  accom¬ 
panied  by  the  constant  expenditure  of  metabolic  energy  (Hoff¬ 
mann,  1992).  Micromolar  or  lower  adenosine  concentrations, 
such  as  those  expected  to  accumulate  by  degradation  of  ODN, 
were  shown  to  activate  the  Al  adenosine  receptor  and  a  Cl" 
channel  in  the  apical  membrane  of  RCCT-28A  endothelial  cells 
(Light  et  ah,  1990;  Schwiebert  et  ah,  1992).  Extracellular  ATP, 
UTP,  and  related  compounds  similarly  stimulate  Cl"  secretion 
and  affect  cell  volume  in  the  nasal  epithelium  of  both  normal 
and  cystic  fibrosis  patients  (Knowles  et  ah,  1991).  Once  they 
enter  the  cell,  nucleotides  affect  the  nucleocytoplasmic  shuttle 
of  proteins  and  RNA  (Gerace,  1995),  whereas  nonhydrolyzable 
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GTP  analogs  inhibit  this  shuttle  (Melchior  et  ah,  1993). 
Changes  in  nuclear  protein  import  may  affect  several  levels  of 
cellular  metabolism  (Gorlich,  1998)  but  have  not  yet  been  ex¬ 
amined  under  AS-ODN  treatment.  These  observations  predict 
sequence-nonspecific  cellular  responses  to  AS-ODN  treat¬ 
ments.  Therefore,  both  the  balance  of  ion  homeostasis  and  nu¬ 
clear-cytoplasmic  interactions  must  be  considered  in  AS-ODN 
studies. 

Acetylcholinesterase  (AChE)  is  an  appropriate  model  to  in¬ 
vestigate  host  cell  responses  to  AS-ODN.  The  single  ACHE 
gene  produces  three  3 '-alternatively  spliced  mRNA  transcripts, 
AChE-S,  AChE-E,  and  AChE-R  (Grisaru  et  ah,  1999b).  AChE 
is  ubiquitously  expressed  at  variable  levels  in  diverse  tissues 
and  cell  types  and  undergoes  transcript-specific,  differentia¬ 
tion-dependent  stabilization  (Chan  et  ah,  1998).  We  previously 
demonstrated  that  AChE  mRNA  and  protein  are  overexpressed 
in  rodent  brain  and  muscle  following  acute  pharmacologic 
blockade  of  catalytic  activity  (Friedman  et  ah,  1996;  Kaufer  et 
ah,  1998;  Lev-Lehman  et  ah,  2000).  However,  it  was  not 
known  whether  antisense  blockade  of  AChE  synthesis  would 
elicit  similar  feedback  responses.  In  addition,  it  was  shown  that 
plasmid-encoded  AS-cRNA  suppressing  ACHE  gene  expres¬ 
sion  alters  the  growth  properties  of  mouse  neuroblastoma  cells 
(Koenigsberger  et  ah,  1997)  and  rat  neuroendocrine  PC  12  cells 
(Grifman  et  ah,  1998).  These  studies  suggested  complex  cellu¬ 
lar  responses  to  antisense-mediated  AChE  deficiencies.  Two 
AS-ODN  targeted  to  AChE  mRNA,  AS1  and  AS3,  suppressed 
AChE  expression  in  PC  12  cells  (Grifman  and  Soreq,  1997),  hu¬ 
man  osteosarcoma  Saos-2  cells  (Grisaru  et  ah,  1999a),  and 
hematopoietic  CD34+  cells  from  umbilical  cord  blood  (Grisaru 
et  ah,  2001),  with  corresponding  physiologic  effects.  Here,  we 
studied  cellular  responses  of  PC  1 2  cells  to  AChE  AS-ODN-me- 
diated  suppression  of  AChE  activity. 

MATERIALS  AND  METHODS 

PC  12  rat  pheochromocytoma  cells 

PC  12  cells  were  grown  in  a  fully  humidified  atmosphere  at 
37°C  and  5%  C02  in  Dulbecco  modified  Eagle  medium 
(DMEM)  containing  8%  each  fetal  bovine  serum  (FBS)  and 
horse  serum  (HS)  (tissue  culture  reagents  from  Biological  In¬ 
dustries,  Beth  Haemek,  Israel).  To  induce  differentiation,  50 
ng/ml  nerve  growth  factor  (NGF)  (Alomone,  Jerusalem,  Israel) 
was  added  to  the  medium  with  1  %  FBS  and  1  %  HS.  Tissue  cul¬ 
ture  plates  or  coverslips  were  coated  with  10  jag/ ml  collagen 
(type  IV)  (Sigma,  St.  Louis,  MO). 

AS-ODN 

AS-ODN  targeted  to  exon  2  of  mouse  AChE  mRNA  (AS1, 
AS3)  have  been  described  previously  (Grifman  and  Soreq,  1997). 
Oligonucleotides  targeted  to  butyrylcholinesterase  (BChE) 
mRNA  (ASB)  served  as  control  (Ehrlich  et  ah,  1994):  AS1,  5- 
GGGAGAGGAGGAGGAAGAGG-3;  AS3,  5-CT  GCA  AT  AT- 
TTTCTTGC ACC-3 ;  ASB,  5-G ACTTTGCT ATGC AT-3 . 

All  ODN  were  end-capped  with  either  2'-0-methyl  RNA 
substitutions  (Me)  or  phosphorothioate  (PS)  modification  at 
their  three  3 '-terminal  positions.  As  lipofectamine  was  previ¬ 
ously  shown  to  be  cytotoxic  in  differentiating  PC  12  cells  (Grif¬ 


man  and  Soreq,  1997),  AS-ODN  was  added  directly  to  the  cul¬ 
ture  medium  without  carrier. 

In  situ  hybridization  was  performed  with  a  fully  2'-0-methy- 
lated  50-mer  AChE  cRNA  probe  complementary  to  alternative 
exon  E6  in  the  ACHE  gene  (Kaufer  et  ah,  1998).  As  PC  12  cells 
contain  endogenous  biotin,  5'-digoxigenin  (5'-DIG)-labeled 
probes  were  employed.  Detection  was  with  alkaline  phos¬ 
phatase  and  Fast  Red®  substrate  (Molecular  Probes,  Eugene, 
OR).  Hybridization  was  as  detailed  elsewhere  (Grisaru  et  ah, 
1999a).  RT-PCR  was  performed  essentially  as  described  (Grif¬ 
man  and  Soreq,  1997). 

Confocal  microscopy  was  carried  out  using  a  Bio-Rad  MRC- 
1024  confocal  scanhead  (Hemel  Hempsted,  Hertfordshire, 
U.K.)  coupled  to  an  inverted  Zeiss  Axiovert  135  microscope 
(Oberkochen,  Germany)  equipped  with  a  plan  apochromat 
63X/1.4  oil  immersion  objective.  Fast  Red  was  excited  at  488 
nm,  and  emission  was  measured  through  a  580df32  bandpass 
interference  filter  (580  nm  ±  16  nm).  The  confocal  iris  was  set 
to  3  mm.  Sections  were  scanned  every  0.44  jjl m,  corrected  for 
immersion  oil/mounting  medium  index  of  refraction  mismatch. 
The  sections  were  processed  in  the  following  way.  First,  a  max¬ 
imum  value  projection  was  created  from  a  set  of  sections.  In¬ 
tensity-based  thresholding  was  used  to  both  isolate  the  cell 
from  the  background  and  identify  Fast  Red  precipitates.  The 
threshold  was  at  first  selected  manually  and,  later,  using  the  au¬ 
tomatic  object  identification  capability  of  Image  Pro  Plus  (ver¬ 
sion  4.0)  (Media  Cybernetics,  Silver  Spring,  MD).  Fast  Red 
precipitates  were  considered  to  be  those  objects  that  contained 
five  or  more  pixels  and  exceeded  the  selected  intensity  thresh¬ 
old.  This  threshold  was  selected  so  that  control  cells  always 
showed  identical  levels  of  labeling  in  order  to  correct  for  the 
variables  in  preparation  (e.g.,  alkaline  phosphatase  reaction 
time,  probe  efficiency).  The  total  area  covered  by  the  Fast  Red 
precipitates  was  then  measured.  The  data  were  not  normalized 
to  cell  volume  because  the  spread  in  cell  volumes  was  very 
small. 

Nuclear  and  cytoplasmic  volume  calculations  were  based  on 
average  values  of  nuclear  and  cell  diameter  as  measured  in  the 
imaged  sections.  The  measured  cells  and  their  nuclei  were  as¬ 
sumed  to  be  spherical,  and  cytoplasmic  volume  was  taken  as 
the  cell  minus  nuclear  volume. 


RESULTS 

Peak  inhibition  of  AChE  activity  at  very  low 
concentrations  of  AS-ODN 

We  previously  studied  AS-ODN  targeted  to  various  regions 
of  AChE  mRNA  using  end-capped  20-mer  oligonucleotides  in 
which  PS-modified  bases  were  incorporated  into  the  three  3'- 
terminal  positions  (Grifman  and  Soreq,  1997).  Two  AS-ODN, 
AS1  and  AS3,  targeted  to  the  common  exon  2  shared  by  all 
AChE  mRNA  splice  variants  reduced  AChE  activity  in  differ¬ 
entiating  PC  12  cells  by  up  to  30%.  To  improve  uptake  and  sta¬ 
bility  while  reducing  toxicity,  we  prepared  3 '-end-capped,  Me- 
modified  versions  of  AS1  and  AS3  and  compared  their  potency 
to  their  PS-modified  counterparts.  Both  PS-capped  and  Me- 
capped  AS  1  suppressed  AChE  catalytic  activity  in  NGF-stimu- 
lated  PC  12  cells  to  about  50%  of  controls  in  a  dose-dependent 
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and  sequence-dependent  manner  within  48  hours.  ASl-Me  dis¬ 
played  significant  effects  at  an  extracellular  concentration  of 
0.05  nM,  and  maximum  suppression  of  AChE  activity  was  ob¬ 
served  at  2  nM  AS-ODN  (Fig.  1A).  In  contrast,  2  nM  AS1-PS 
was  required  to  exert  prominent  suppression  of  AChE  activity 
in  PC  12  cells.  Sequence  specificity  was  shown  by  the  insignifi¬ 
cant  effects  exerted  by  either  PS-protected  or  Me-protected  AS- 
ODN  targeting  BChE  (Fig.  1,  inset).  Curiously,  increasing  the 
concentrations  of  AS1  above  2  nM  reduced  AS-ODN  efficacy 
to  the  extent  that  PC  12  cells  exposed  to  1  /xM  AS1,  AS1-PS,  or 
ASl-Me  displayed  only  minor  loss  of  AChE  activity. 

To  confirm  the  observation  that  increasing  concentrations  of 
oligonucleotide  neutralize  the  potency  of  AS-ODN  targeted  to 
AChE  mRNA,  we  used  in  situ  hybridization  (ISH)  to  label 
AChE-S  mRNA  in  cells  treated  with  AS3-Me  for  48  hours. 
Generally,  AChE-S  mRNA  appeared  concentrated  in  one  or 
two  cytoplasmic  areas  close  to  the  nuclear  margin,  possibly  in 
the  Golgi  apparatus  where  AChE  would  be  translated,  folded, 
and  rendered  catalytically  active.  To  quantify  ISH  signals  de¬ 
tecting  cytoplasmic  AChE  mRNA,  we  applied  confocal  mi¬ 
croscopy  and  computerized  image  analysis.  This  analysis  re¬ 
vealed  a  U-shaped  dose-response  curve  for  AS3  that  closely 
paralleled  the  curve  obtained  with  AS1  using  AChE  catalytic 
activity  as  the  measure  of  antisense  potency  (compare  Fig.  IB 
to  1A).  Dose-dependent  increases  and  decreases  in  AChE-R 


mRNA  levels  were  matched  by  corresponding  changes  in  cell- 
associated  AChE  activity  as  determined  by  cytohistochemical 
staining  (Fig.  IB,  inset).  Nevertheless,  AChE  mRNA  appeared 
more  sensitive  than  AChE  protein  to  the  higher  AS-ODN  con¬ 
centration.  We  observed  similar  dose-dependent  effects  on 
RNA  and  protein  in  human  Saos-2  cells  with  AS1  (Grisaru  et 
al.,  1999a;  data  not  shown).  In  contrast,  ASB-Me  did  not  elicit 
significant  changes  in  ISH  signals.  These  findings  demon¬ 
strated  effective  suppression  of  AChE  expression  by  two  inde¬ 
pendent  AS-ODN  targeted  to  AChE  mRNA,  demonstrated  the 
enhanced  potency  and  wide  effective  window  conferred  by  Me 
modification  of  AChE  AS-ODN,  and  raised  the  question  of 
why  increasing  concentrations  of  AS-ODN  fail  to  elicit  reliable 
suppression  of  AChE  activity  in  these  cells. 

AS-ODN  treatment  stimulates  nuclear 
accumulation  of  AChE  mRNA 

Control  PC  12  cells  never  displayed  intranuclear  staining  fol¬ 
lowing  ISH.  However,  at  low  concentrations  of  AS3-Me  (0.2-2 
nM),  cells  often  displayed  one  or  two  small  intranuclear  foci  of 
ISH  signal  (Fig.  2).  At  higher  concentrations  of  100-1000  nM 
AS3-Me,  intense  nuclear  staining  of  AChE-S  mRNA  was  com¬ 
monly  observed  in  up  to  two  highly  defined  focal  points.  Simi¬ 
lar  nuclear  labeling  was  also  noted  in  AS-ODN-treated,  multi- 
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FIG.  1.  2'-0-Methyl  (Me)  AS- AChE  displays  a  wide  effective  window  at  extremely  low  concentrations.  Varying  concentrations  of  phospho- 
rothioate  (PS)  and  Me  AS1  or  ASB  were  added  to  PC  12  cells  once  daily  for  2  days  following  24-hour  exposure  to  NGF,  and  cells  were  analyzed 
for  AChE  catalytic  activity  or  mRNA  encoding  AChE-S.  (A)  AChE  catalytic  activity  was  measured  using  a  colorimetric  assay  and  acetylthio- 
choline  as  substrate.  Results  are  expressed  as  percent  of  activity  in  control  cells  ±  standard  error  of  the  mean  (SEM)  for  five  to  nine  triplicate  mea¬ 
surements  for  each  point.  Note  that  Me-modified  AS1  elicited  significant  suppression  of  AChE  at  the  extremely  low  concentration  of  0.02  nM, 
whereas  PS  modification  of  the  same  three  bases  yielded  an  AS-ODN  that  exhibited  effective  suppression  of  AChE  activity  only  at  concentrations 
above  2  nM.  Both  oligonucleotides  displayed  decreasing  efficacy  at  ODN  concentrations  above  2  nM.  The  nonrelevant  control  AS-ODN  ASB  had 
minimal  effects  on  AChE  activity  at  concentrations  up  to  100  nM  in  both  the  Me-modified  and  PS-modified  forms  (inset).  (B)  In  situ  hybridization 
with  an  exon  6-specific  AChE  cRNA  probe  was  employed  to  detect  AChE-S  mRNA  in  AS3-treated  cells.  Quantification  of  AChE-S  mRNA  levels 
was  by  confocal  microscopy  and  computer-assisted  image  analysis.  Shown  are  average  ±  SEM  of  AChE-S  mRNA  levels  as  a  percentage  of  that 
observed  in  untreated  cells.  Note  that  AS3  induced  a  dose-dependent  decrease  in  AChE-S  mRNA  levels  that  was  reversed  at  about  2  nM  AS-ODN. 
ASB  had  no  detectable  effect  on  AChE-S  mRNA  levels  in  these  cells.  (Inset)  Cells  from  the  same  experiment  following  cytohistochemical  stain¬ 
ing  for  catalytically  active  AChE.  From  left  to  right  are  representative  cells  from  cultures  treated  with  0.2,  2,  and  1000  /uM  AS3,  respectively. 
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nucleated  Saos-2  cells,  where  multiple  nuclear  sites  of  labeling 
were  observed  (Grisaru  et  ah,  1999a;  data  not  shown).  These 
observations  suggested  a  direct  association  between  focal  nu¬ 
clear  staining  and  the  number  of  transcription  sites  and  hinted  at 
de  novo  accumulation  of  heteronuclear  (hn)-AChE  mRNA  in 
AS-ODN-treated  cells.  To  further  examine  AChE  mRNA  lev¬ 
els  in  antisense-treated  PC  12  cells,  we  performed  RT-PCR  on 
RNA  extracted  from  cultures  treated  with  AS3  for  48  hours  fol¬ 
lowing  NGF-stimulated  differentiation.  RT-PCR  revealed  both 
a  short  mRNA  representing  mature  3 '-spliced  AChE-S  mRNA 
and  a  longer,  unspliced  transcript  presumably  representing 
hn-AChE  in  differentiating  PC  1 2  cells  (Fig.  2B,  inset).  Both  the 
long  and  the  short  transcript  were  noted  to  be  about  2-fold  higher 
in  cells  treated  with  100  nM  as  compared  with  10  nM  AS3.  The 
nuclear  accumulation  of  AChE  mRNA  under  AS-ODN  treat¬ 
ment  suggests  that  the  reduced  potency  of  >2  nM  AChE 
AS-ODN  in  PC  12  cells  reflects  feedback  upregulation  of  the 
ACHE  gene  in  response  to  highly  effective  primary  antisense 
effects  or  to  the  presence  of  excess  AS-ODN  or  their  degrada¬ 
tion  products.  Moreover,  it  advances  the  notion  that  antisense, 
like  pharmacologic,  inhibition  of  AChE  below  a  certain  thresh¬ 
old  initiates  feedback  upregulation  of  AChE  expression  in  mul¬ 
tiple  cell  types.  Together,  these  data  point  to  the  need  to  strike  a 
balance  in  antisense  studies  between  antisense  effects  and  dose- 
dependent  compensatory  host  cell  responses. 

Cellular  uptake  of  AS-ODN 

The  role  of  AS-ODN  uptake  in  host  cell  feedback  responses 
was  evaluated  using  5'-DIG-tagged  AS3-Me  and  the  image 
analysis  strategy  of  ISH.  To  estimate  the  sensitivity  of  the  con- 
focal  approach,  we  mixed  a  1-nM  solution  of  DIG-tagged  AS- 
ODN  into  a  PC  12  cell  extract,  dried  a  50-/il  drop  on  a  micro¬ 
scope  slide,  and  performed  image  analysis  (Galyam,  1999;  data 
not  shown).  In  AS-ODN-treated  PC  12  cells,  this  quantification 
procedure  revealed  concentration-dependent  increases  in  intra¬ 
cellular  oligonucleotide  (Fig.  3A),  although  increasing  extracel¬ 
lular  concentrations  between  20  pM  and  1  /xM  AS3-Me  re¬ 
sulted  in  exceedingly  limited  increases  in  intracellular  ODN 
(approximately  6-fold  for  the  5000-fold  increased  external  con¬ 
centration)  for  both  AS  I -Me  and  AS3-Me  (Fig.  3  A).  We  calcu¬ 
lated  10-100  AS-ODN  molecules  per  10  pi  cell  volume  under 
0.02  nM  treatment  conditions,  close  to  the  external  concentra¬ 
tions  of  oligonucleotide.  Therefore,  20  pM  external  concentra¬ 
tion  of  AS3  sufficed  to  introduce  AS3  into  PC  1 2  cells  at  a  con¬ 
centration  similar  to  that  of  its  complementary  AChE  mRNA 
(see  Discussion).  From  0.02  nM,  10-fold  increases  in  external 
ODN  concentration  resulted  in  nonproportional  increases  in  in¬ 
tracellular  concentration.  Nevertheless,  these  data  indicate  that 
low  external  concentrations  of  AS-ODN  elicited  dose-depen¬ 
dent  antisense  effects  in  PC  12  cells  that  are  approximately  pro¬ 
portional  to  internal  AS-ODN  concentrations  (compare  with 
Fig.  1).  At  higher  concentrations,  however,  nonspecific  cellular 
effects  may  result  from  extracellular  effects  of  oligonu¬ 
cleotides,  their  degradation  products,  or  both. 

Excess  AS-ODN  mediates  sequence-independent 
increases  in  cytoplasmic  volume 

In  search  of  mechanism(s)  controlling  the  increased  AChE 
gene  activity  observed  at  AS-ODN  concentrations  >2  nM,  we 


used  the  confocal  microscope  to  measure  cell  volume.  This 
analysis  revealed  >25%  increases  in  cytoplasmic,  but  not  nu¬ 
clear,  volume  of  PC  12  cells  exposed  to  AS-ODN  over  a  range 
of  10-500  nM  (Fig.  3B).  The  changes  in  cytoplasmic  volume 
were  sequence  independent,  as  they  were  common  to  cells 
treated  with  either  antisense  or  inverse  AChE  AS-ODN.  Sus¬ 
tained  nuclear  volume  under  these  conditions  attested  to  the 
fact  that  no  apoptotic  changes  took  place.  Therefore,  increased 
cytoplasmic  volume  in  this  effective  range  of  ODN  concentra¬ 
tions  may  include  a  host  cell  response  to  the  extracellular  or  in¬ 
tracellular  presence  of  >2  nM  ODN  or  their  degradation  prod¬ 
ucts  or  both. 


DISCUSSION 

Several  key  responses  of  PCI  2  cells  to  the  extracellular  pres¬ 
ence  of  oligonucleotides  were  noted  when  using  a  wide  range 
of  AS-ODN  concentrations.  (1)  Above  50  pM  and  up  to  20  nM 
AS-ODN,  AChE  activity  was  suppressed  by  up  to  50%,  with 
Me-capped  ODN  displaying  improved  activity  compared  with 
PS-modified  oligos.  (2)  Above  50  nM  AS-ODN,  AChE  activity 
was  refractory  to  AS-ODN  treatment  and  sequence-dependent 
increases  in  nuclear  labeling  suggestive  of  transcriptional  acti¬ 
vation  of  the  target  gene.  (3)  Above  10  nM  AS-ODN,  cytoplas¬ 
mic  volume  increased  by  >25%,  reflecting  a  sequence-inde¬ 
pendent  host  cell  response. 

Nanomolar  doses  of  Me  AS-ODN  suffice  to  destroy 
their  target  mRNA 

AChE  mRNA  concentrations  in  differentiating  PC  12  cells 
were  estimated  to  be  1-10  molecules/pl,  or  1-10  pM,  assuming 
approximately  1  X  108  cells/ml  and  10-100  molecules  of  a 
nonabundant  target  mRNA  per  cell.  Assuming  that  each  AS- 
ODN  chain  can  inactivate  many  target  molecules,  the  concen¬ 
trations  of  AS  1  and  AS3  that  were  used  in  the  present  study 
should  be  sufficient  to  destroy  all  the  AChE  mRNA  molecules 
in  treated  cells,  even  in  neurons,  where  AChE  levels  are  highest 
(see  Lev-Lehman  et  al.,  2000;  Li  et  al.,  1991,  for  quantitative 
estimates  of  AChE  mRNA  amounts  in  various  cell  types).  Re¬ 
versal  of  the  dose-response  curve  at  50%  inhibition,  therefore, 
suggests  that  this  represents  the  limit  of  blockade  beyond  which 
the  AChE  feedback  loop  is  activated.  Me-end-capped  AS-ODN 
suppressed  AChE  activity  in  PC  12  cells  at  100-fold  lower  con¬ 
centrations  than  the  corresponding  PS-ODN.  Thus,  Me  protec¬ 
tion  reduced  the  quantity  of  ODN  needed  to  suppress  AChE  ex¬ 
pression,  in  addition  to  preventing  the  cytotoxicity  associated 
with  PS  protection  (Ehrlich  et  al.,  1994). 

Micromolar  AS-ODN  induces  AChE 
mRNA  accumulation 

In  the  micromolar  range,  sequence-dependent  refractoriness 
to  AS-ODN  was  observed.  AS-ODN  concentration-dependent 
decreases  and  increases  in  AChE  mRNA  and  enzyme  activity 
suggest  that  the  inefficacy  of  high  levels  of  oligonucleotide  rep¬ 
resents  a  cellular  response  triggered  by  changes  in  cellular 
AChE  concentrations.  Changes  in  ACHE  gene  expression  un¬ 
der  antisense  inhibition  may  be  expected  to  include  enhanced 
transcription,  changes  in  specific  splicing  patterns,  selective 
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FIG.  2.  Focal  nuclear  accumulation  of  AChE  mRNA  in  AS-ODN- 
treated  PC  12  cells.  (A)  Pseudocolored  compound  confocal  images  of  rep¬ 
resentative  PC  12  cells  following  incubation  with  Me  RNA-protected  AS3 
and  in  situ  hybridization  with  a  probe  detecting  AChE-S  mRNA.  Color 
coding  (upper  right)  correlates  with  intensity  of  Fast  Red  staining  and, 
therefore,  AChE-S  mRNA  levels.  Note  that  increasing  concentrations  of 
AS3  were  associated  with  the  appearance  of  punctate  nuclear  staining  for 
AChE-S  mRNA  (red  arrows)  and  reduced  antisense  efficacy  as  presented 
in  Figure  1.  (B)  Graph  depicts  the  percentage  of  total  potential  nuclear 
sites  (assuming  two  per  cell)  labelled  by  in  situ  hybridization  at  the  noted 
concentrations  of  AS 3.  Note  the  prominent  concentration-dependent  in¬ 
crease  in  the  fraction  of  nuclei  labeled  for  AChE  mRNA  and  the  almost 
universal  labeling  of  nuclei  at  1  pM  AS-ODN.  These  data  indicate  feed¬ 
back  transcription  or  stabilization  or  both  of  nascent  hn-AChE  mRNA  un¬ 
der  treatment  with  AS3.  (Inset)  Ethidium  bromide-stained  products  of 
RT-PCR  performed  on  RNA  extracted  from  PC  12  cells  treated  with  the 
noted  concentrations  of  AS3.  Note  that  in  addition  to  product  representing 
mature,  spliced  AChE-S  mRNA,  a  band  of  high  molecular  weight  product 
presumed  to  represent  unspliced  hn-AChE  mRNA  is  present.  Both  bands 
are  intensified  above  10  nM  AS3,  corresponding  to  the  appearance  of  fo¬ 
cal  nuclear  staining  observed  by  in  situ  hybridization. 


stabilization  of  certain  mRNA  transcripts,  or  all  of  these  com¬ 
bined.  The  intense  nuclear  labeling  of  AChE  mRNA  suggests 
enhanced  transcription  or  nuclear  stabilization  (or  both)  of 
nascent  transcripts  under  AS-ODN  concentrations  >2  nM.  The 
cytoplasmic  accumulation  of  AChE  mRNA  could  reflect  selec¬ 
tive  stabilization,  similar  to  that  observed  in  differentiating 
nerve  and  muscle  (Luo  et  ah,  1999)  and  hematopoietic  cells 


(Chan  et  ah,  1998).  Diversion  of  default  3 '-alternative  splicing 
patterns  may  also  be  involved,  similar  to  the  selective  increases 
in  unspliced  AChE-R  mRNA  observed  under  stress  or  exposure 
to  AChE  inhibitors  (Kaufer  et  ah,  1998).  Disproportionate  in¬ 
creases  in  AChE-R  would  account  for  the  apparent  discrepancy 
between  full  recovery  of  AChE  activity  above  100  nM  AS- 
ODN  and  the  only  partial  recovery  of  AChE-S  mRNA  (Fig.  1). 

ODN  may  regulate  cellular  volume 

In  the  picomolar-nanomolar  range,  AS-ODN  induced  the  de¬ 
struction  of  its  target  AChE  mRNA.  In  the  presence  of  increas- 


FIG.  3.  AS3  uptake  and  its  effect  on  cell  volume.  (A)  Limited  AS3 
penetrance  under  increasing  concentrations.  Differentiated  PC  12  cells 
were  incubated  for  24  hours  with  biotinylated  AS3,  treated  with  alka¬ 
line  phosphatase-conjugated  streptavidin,  and  subjected  to  Fast  Red  de¬ 
tection.  Fast  Red  signals  from  20  cells  were  quantified  as  in  Figure  1. 
Note  that  large  changes  in  extracellular  ODN  concentrations  result  in 
relatively  small  changes  in  intracellular  ODN  concentration.  (Inset)  A 
representative  projection  of  a  single  PC  12  cell  incubated  with  1  pM 
ODN.  (B)  Cytoplasmic  but  not  nuclear  volume  changes  under  increas¬ 
ing  concentrations  of  AS3.  Total  cellular  and  nuclear  volumes  of  AS- 
ODN-treated  PC  12  cells  were  determined  using  confocal  microscopy  as 
described  in  Materials  and  Methods.  Note  that  cytoplasmic  volume  in¬ 
creased  in  a  dose-dependent  but  sequence-independent  manner  above 
10  nM  extracellular  ODN,  whereas  nuclear  volume  remained  constant 
over  the  entire  tested  range  of  ODN  concentrations. 
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ing  extracellular  concentrations  (>10  nM)  of  AS-ODN,  con- 
focal  microscopy  revealed  sequence-independent  changes  in 
cytoplasmic  volume.  Reports  on  the  cellular  effects  of  low 
nucleotide  concentrations  point  to  the  extracellular  increase 
in  nucleotide  breakdown  products  of  AS-ODN,  in  particular 
increases  in  adenosine,  as  a  likely  cause  for  these  changes 
(see  Galietta  et  al.,  1992,  for  example).  Another  important 
consideration  refers  to  the  extent  of  change  in  cytoplasmic 
volume.  Because  the  cytoplasm  is  crowded  with  cytoskeletal 
elements,  ribosomes,  and  endoplasmatic  reticulum,  a  change 
of  25%-50%  may  imply  a  considerably  larger  change  in  the 
volume  of  the  liquid  microenvironment  where  biochemical 
reactions  regulating  cellular  physiology  take  place.  This 
would  be  expected  to  impose  metabolic  disequilibrium  and 
could  initiate  cellular  stress  responses.  As  AChE  is  proving 
to  be  a  ubiquitous  stress  response  element,  this  could  con¬ 
tribute  to  the  feedback  response  initiated  by  reduced  intracel¬ 
lular  AChE  levels.  These  data,  therefore,  caution  against  the 
use  of  unnecessarily  high  concentrations  of  AS-ODN  and 
suggest  reevaluation  of  our  concepts  of  the  oligonucleotide 
concentrations  previously  believed  to  be  physiologically  rel¬ 
evant.  This  conclusion  is  particularly  relevant  in  light  of  re¬ 
ported  saturation  of  ODN  uptake  at  concentrations  as  low  as 
160  nM  (Nakai  et  ah,  1996). 

In  summary,  our  findings  indicate  that  Me-protected  AChE 
AS-ODN  effectively  suppress  AChE  activity  in  cell  types  of 
different  origins  in  the  picomolar-nanomolar  range.  These  con¬ 
centrations  are  much  lower  than  those  reported  previously  for 
AChE-targeted  AS-ODN  and  considerably  lower  than  com¬ 
monly  used  concentrations  (50  nM-1  gM)  for  AS-ODN  tar¬ 
geted  to  various  other  mRNAs.  Notably,  increasing  the  extra¬ 
cellular  AS-ODN  above  these  levels  neither  elevated  their 
intracellular  concentrations  proportionally  nor  increased  their 
ultimate  effectiveness.  In  the  yet  higher  micromolar  range,  the 
antisense  strategy  was  relatively  ineffective,  apparently  be¬ 
cause  of  feedback  activation  of  ACHE  gene  activity.  These 
findings  may  explain  inconsistencies  reported  with  numerous 
AS-ODN.  Furthermore,  they  call  for  in  vivo  experiments  using 
similarly  reduced  concentrations  of  AS-ODN.  Recently,  we 
successfully  used  low  doses  of  AS3  to  suppress  overexpressed 
AChE-R  mRNA  in  brain  of  head- injured  mice  (Shohami  et  ah, 
2000)  and  in  muscles  of  anticholinesterase-treated  mice  (Lev- 
Lehman  et  ah,  2000)  and  rats  with  experimental  myasthenia 
gravis  (T.  Brenner  and  H.  Soreq,  unpublished  observations). 
The  advantages  of  greatly  reduced  AS-ODN  concentrations  are 
many,  including  reduced  side  effects  and  increased  cost  effec¬ 
tiveness. 
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Abstract 

Environmental,  congenital,  and  acquired  immunological  insults  perturbing  neuromuscular 
junction  (NMJ)  activity  may  induce  a  variety  of  debilitating  neuromuscular  pathologies.  How¬ 
ever,  the  molecular  elements  linking  NMJ  dysfunction  to  long-term  myopathies  are  unknown. 
Here,  we  report  dramatically  elevated  levels  of  mRNA  encoding  c-Fos  and  the  "readthrough" 
(R)  variant  of  acetylcholinesterase  (AChE)  in  muscles  of  transgenic  mice  overexpressing  synap¬ 
tic  (S)  AChE  in  motoneurons  and  in  control  mice  treated  with  the  irreversible  cholinesterase 
inhibitor  diisopropylfluorophosphonate  (DFP).  Tongue  muscles  from  DFP-treated  and  AChE- 
S  transgenic  mice  displayed  exaggerated  neurite  branching  and  disorganized,  wasting  fibers. 
Moreover,  diaphragm  muscles  from  both  transgenic  and  DFP-treated  mice  exhibited  NMJ  pro¬ 
liferation.  2'-0-methyl-protected  antisense  oligonucleotides  targeted  to  AChE  mRNA  sup¬ 
pressed  feedback  upregulation  of  AChE  and  ameliorated  DFP-induced  NMJ  proliferation.  Our 
findings  demonstrate  common  transcriptional  responses  to  cholinergic  NMJ  stress  of  diverse 
origin,  and  implicate  deregulated  AChE  expression  in  excessive  neurite  outgrowth,  uncon¬ 
trolled  synaptogenesis,  and  myopathology. 

Index  Entries:  Acetylcholinesterase/antisense;  cholinesterase  inhibitors;  physiological  stress; 
muscle  pathology;  neuromuscular  junction. 
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Introduction 

Neuromuscular  junctions  (NMJ)  are  highly  spe¬ 
cialized,  morphologically  distinct,  and  well- 
characterized  cholinergic  synapses  (Sanes  and 
Lichtman,  1999).  Chronic  impairments  in  NMJ 
activity  induce  neuromuscular  disorders  charac¬ 
terized  by  deterioration  of  muscle  structure  and 
function.  Thus,  etiologically  diverse  insults  inter¬ 
fering  with  acetylcholine-mediated  neurotrans¬ 
mission  cause  a  variety  of  "myasthenic"  syndromes 
presenting  muscle  weakness  and  fatigue  (Livneh 
et  al.,  1988;  Schonbeck  et  al.,  1990;  Engelhart  et  al., 
1997;  Donger  et  al.,  1998;  Lindstrom,  1998).  The 
molecular  and  cellular  mechanisms  leading  from 
compromised  NMJ  activity  to  muscle  wasting  have 
not  been  elucidated .  However,  it  is  likely  that  phys¬ 
iological  stress  imposed  on  the  nerve  and/or 
muscle  under  conditions  of  NMJ  dysfunction  ini¬ 
tiate  changes  in  gene  expression.  Inhibitors  of  the 
acetylcholine-hydrolyzing  enzyme,  AChE,  induce 
neuromuscular  pathologies  sharing  features  with 
the  myasthenic  syndromes.  Among  the  delayed 
effects  of  anticholinesterase  intoxication  are  degen¬ 
eration  of  synaptic  folds,  terminal  nerve  branch¬ 
ing,  enlargement  of  motor  endplates,  and 
disorganization  of  muscle  fibers  (Laskowski  et  al., 
1975;  Kawabuchi  et  al.,  1976).  Cholinesterase 
inhibitors  promoting  myopathy  include 
organophosphate  poisons  such  as  DFP  and 
paraoxon  (the  toxic  metabolite  of  the  agricultural 
insecticide  parathion),  and  carbamate  drugs  like 
pyridostigmine  and  neostigmine,  used  to  treat 
myasthenia  gravis  (Evoli  et  al.,  1996).  The  similar¬ 
ities  between  the  neuromuscular  impairments 
resulting  from  anticholinesterase  exposure  and  that 
of  pathophysiological  NMJ  dysfunction  suggest 
overlapping  and/or  convergent  pathways  involv¬ 
ing  AChE. 

RNA  transcribed  from  the  mammalian  ACHE 
gene  is  subject  to  3'  alternative  splicing  yielding 
mRNAs  encoding  a  "synaptic"  (S)  isoform,  a 
"erythropoietic"  (E)  isoform,  and  the  stress-related 
"readthrough"  AChE-R  derived  from  the 
3'-unspliced  transcript  (Ben  Aziz-Aloya  et  al.,  1993; 
Massoulie  et  al.,  1993).  In  addition  to  their 
hydrolytic  activities,  the  various  AChEs  exert 
sequence-specific  morphogenic  effects  on  neurite 
outgrowth  (Layer  et  al.,  1995;  Koenigsberger  et  al., 
1 997;  Grifman  et  al.,  1 998;  Sharma  et  al.,  1 998;  Stern- 


feld  et  al.,  1998)  and  NMJ  structure  (Shapira  et  al., 
1994;  Seidman  et  al.,  1995).  Transgenic  mice  over¬ 
expressing  human  AChE-S  in  spinal  cord  moto¬ 
neurons  displayed  progressive  neuromotor 
impairments  that  were  associated  with  changes  in 
NMJ  ultrastructure  (Andres  etal.,  1997, 1998).  How¬ 
ever,  the  molecular  mechanisms  mediating  neuro¬ 
muscular  deterioration  in  these  mice  were  unclear. 
Elevated  intracellular  calcium  was  previously 
implicated  in  anticholinesterase-mediated 
myopathologies  (Laskwoski  et  al.,  1975).  Elec¬ 
tromyography  (EMG)  data  revealed  exaggerated 
post-synaptic  responses  in  muscles  of  transgenic 
mice  that  indicated  similarly  enhanced  calcium 
influx.  In  rodent  brain,  we  found  that  both  stress 
and  cholinesterase  inhibitors  induce  dramatic  cal¬ 
cium-dependent  overexpression  of  AChE-R 
(Kaufer  et  al.,  1998).  We  therefore  predicted  that 
feedback  overexpression  of  AChE-R  would  also 
occur  in  muscles  of  both  anticholinesterase-treated 
control  and  NMJ-stressed  AChE  transgenic  mice. 
Moreover,  we  expected  that  overexpressed  AChE 
would  have  morphogenic  implications  for  the 
nerves  and/or  muscles.  To  test  these  hypotheses, 
we  examined  AChE  expression,  motor  endplate 
organization,  neurite  outgrowth,  and  muscle 
integrity  in  AChE-S  transgenic  mice  and  in  normal 
mice  treated  with  DFP  with  or  without  coadmin¬ 
istration  of  antisense  oligonucleotides  to  AChE 
mRNA.  Our  findings  identify  the  AChE  feedback 
loop  as  a  molecular  response  common  to  both  phys¬ 
iological  NMJ  stress  and  anticholinestrase  expo¬ 
sure  in  muscle.  Furthermore,  they  suggest  that 
induced  overexpression  of  AChE-R  contributes  to 
neuromuscular  deterioration  under  diverse  con¬ 
ditions  leading  to  disease  and  demonstrate  in  vivo 
antisense  blockade  of  the  AChE  feedback  response 
to  NMJ  stress. 

Materials  and  Methods 

Animals  and  Tissue  Preparations 

FVB/N  mice,  aged  postnatal  day  (P)  0, 15, 30  and 
4  mo  (M)  were  sacrificed  and  their  tongues  removed 
into  liquid  nitrogen  for  polymerase  chain  reaction 
(PCR)  and  biochemical  analyses.  For  in  situ 
hybridization  and  silver  staining,  2-mm3  cubes  of 
tongue  tissue  were  incubated  in  3.7%  formalde¬ 
hyde  overnight  at  room  temperature  and  then 
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paraffin  embedded.  Sections  were  cut  (5  |im)  and 
placed  on  3-aminopropyltriethoxysilane-treated 
slides,  dried  at  37°C  overnight,  and  kept  at  4°C  until 
use.  For  cytochemistry,  whole  diaphragms  were 
fixed  for  1  h  in  4%  paraformaldehyde  at  22°C,  rinsed 
twice  in  phosphate-buffered  saline  (PBS),  and 
stained  for  ca  talytically  active  AChE  activity  as  pre¬ 
viously  described  (Andres  et  al„  1997). 

Chronic  DFP  Treatment 

Mouse  pups  were  housed  with  the  dam  in  a  light- 
and  temperature-controlled  room.  Animals  were 
injected  subcutaneously  (s.c.)  once  daily  with  either 
1.0  mg/ kg  DFP  (Aldrich  Chemical  Co.,  Milwau¬ 
kee,  WI)  dissolved  in  corn  oil  or  with  corn  oil  alone 
during  the  first  2  postnatal  weeks.  To  minimize  cen¬ 
tral  nervous  system  (CNS)  toxicity,  pups  were  pre¬ 
treated  with  10  mg/kg  (ip)  atropine  sulfate  (Sigma 
Chemical  Co.,  St .  Louis,  MO)  in  saline  1 5  min  before 
injection.  At  P15,  about  4  h  after  the  last  injection, 
pups  were  sacrificed  and  their  tongues  removed. 

DFP/ Antisense  Experiments 

Adult  FVB/N  mice  were  coinjected  intraperi- 
toneally  (ip)  once  daily  for  4  consecutive  days  with 
DFP  alone  or  together  with  5  pg/kg  of  an  antisense 
oligonucleotide  (AS3;  3'CCA  GCT  TCT  TTT  ATA 
ACG  TCs)  targeted  to  exon  E2  in  the  mouse  acetyl¬ 
cholinesterase  gene.  AS3  included  2'-0-methyl 
ribonucleotide  substitutions  at  the  three  3'- 
terminal  positions  to  stabilize  it  against  nucleolytic 
degradation. 

RT-PCR  Analysis 

RNA  from  tongue  samples  was  extracted  by 
RNA  Clean  (PeqLAb,  Heidelberg,  Germany) 
according  to  manufacturer's  instructions.  Reverse 
transcription  (RT)-PCR  reactions  were  performed 
as  previously  described  using  a  common  upstream 
(+)  primer  and  downstream  (-)  primers  selective 
for  each  of  the  alternative  AChE  mRNA  exons 
(Fig.  1A): 

E3:  1361  (+)  {5'-CCGGGTCTATGCCTACAT- 
CTTTGAA-3') 

E6:  1 844(— )  {5'CAC  AGGTCTG  AGC  AGCGCTCC- 
TGCTTG-CTA-3'I 

E5:  240(-)  (5'-AAGGAAGAAGAGGAGGGA- 
CAGGGCTAAG-3') 

14:  74(-)  {5'-TTGCCGCCTTGTGCATTCCCT-3'} 
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To  detect  c-Fos  mRNA,  we  used  the  primer  pair 
1604(+)/2306(-)  (Kaufer  et  al.,  1998).  PCR  prod¬ 
ucts  sampled  every  third  cycle  from  cycles  24-36 
for  the  AChE  and  c-Fos  mRNAs,  and  from  cycles 
18—24  for  (3-actin  mRNA  were  electrophoresed 
on  1.5%  agarose  gels  and  stained  with  ethidium 
bromide. 


In  Situ  Hybridization 

2/-0-methylated,  5'-biotinylated  cRNA  probes 
were  used  to  decorate  selectively  alternative  mouse 
(m)  AChE  mRNAs.  Detection  was  with  alkaline 
phosphatase-conjugated  streptavidin  and  ELF™ 
detection  kit  (Molecular  Probes). 

mI4:  (-79)  5'-AACCCUUGCCGCCUUGUG- 
CAUUCCCUGCUCCCCCCACUCCAUGCGC- 
CUA-C-3'(-29); 

mE6:  (209)  5'-CCCCUAGUGGGAGGAAGUCG- 
GGGAGGAGUGGACAGGGCCUGGGGGCU- 
CGG-3'(258); 

mE5:  (-249)  5'-GAGGAGGAAAAGGAAGAA- 
GAGGAGGGACAGGGCUAAGUCCGGCCC- 
GGGC-3T-200); 

Paraffin-embedded  tongue  sections  were 
deparaffinized  and  dehydrated  in  a  methanol/PBT 
(PBS,  0.1%  Tween-20)  series.  Hybridization 
included  preclearing  in  H202  (6%  in  PBT,  30  min), 
proteinase  treatment,  glycine  wash,  and  refixation 
(4%  paraformaldehyde,  20  min),  all  essentially  as 
described  elsewhere  (Kaufer  et  al.,  1998;  Grisaru  et 
al.,  1999)  except  that  1%  sodium  dodecyl  sulfate 
(SDS)  was  added  to  the  hybridization  buffer  and 
to  solution  1  and  0.1%  Tween-20  was  added  to 
solution  2. 


Neurites  Silver  Stain 

Paraffin-embedded  tongue  muscle  sections 
were  stained  for  neuronal  fibers  using  silver 
nitrate  (20%,  60  min  at  37°C),  distilled  water 
washes  and  incubation  in  ammonium  hydroxide- 
silver  nitrate  solution  (60  min).  Color  was  devel¬ 
oped  for  24-36  h.  For  fixation,  slides  were  dipped 
in  sodium  thiosulfate  (2  s),  washed  in  water,  and 
dehydrated. 
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r :0  i  Tnnseenic  AChE-S  and  DFP  similarly  induce  enhanced  c-fos  and  AChE-R  mRNA  production  in  muscle. 
(A)  The  mouse  ACHE  gene  and  alternative  splicing  products.  Presented  is  a  schematic  illustration  °f  “  Jg 
-T  a  q  anH  h  shaded  boxes)  and  introns  3  to  4  (white  boxes)  in  the  mouse  ACHE  gene.  The  synaptic  ACht-b 

^  An  p  p  and  r-fn«;  mRNAs  in  transgenic  vs  control  mice  and  in  control  mice  injecieu 
^endogenous  AChE-S  or  the  unrelated  p-actin  mRNAs  responded  to  either tra n 5fe™  C ^Ch nX-foTa nd 
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Fig.  2.  Overexpressed  transgenic  AChE-S  and  DFP  induce  accumulation  of  endogenous  AChE-R  mRNA  in  both 
epithelium  and  muscle.  In  situ  hybridization  was  performed  on  7-pm  sections  of  tongue  from  newborn  (PO)  con¬ 
trol  (A,C)  and  AChE  transgenic  (B,D)  mice,  or  15-d-old  (PI  5)  control  mice  injected  with  either  vehicle  (E,G)  or 
the  AChE  inhibitor  DFP  (F,H).  Note  enhanced  and  delocalized  fluorescent  labeling  of  AChE-R  but  not  AChE-S 
mRNA  in  epithelial  cells  and  muscle  fibers  from  both  transgenic  and  DFP-treated  mice  as  compared  to  controls. 


Results 

Chronic  Cholinesterase  Blockade 
and  Transgenic  Overexpression 
of  Synaptic  Neuronal  AChE  Promote 
Elevated  c-Fos  and  readthrough 
AChE  mRNAs  in  Muscle 

Both  acute  stress  and  cholinesterase  inhibitors 
were  shown  to  trigger  overexpression  of  AChE-R 
in  rodent  brain  via  a  c-fos-mediated  pathway 
(Kaufer  et  al.,  1998).  To  investigate  whether  the 
AChE  feedback  loop  is  active  in  muscle,  we  per¬ 
formed  RT-PCR  on  mRNA  extracted  from  tongue 
of  2-wk-old  (PI 5)  mice  injected  daily,  from  birth, 
with  1  mg  /  kg  DFP.  This  dose  of  DFP  blocked  approx 
80%  of  muscle  AChE  activity,  but  did  not  elicit  overt 
symptoms  of  cholinergic  poisoning.  In  parallel, 
RT-PCR  was  performed  on  tongue  RN A  f rom  trans¬ 
genic  mice  overexpressing  AChE-S  in  spinal  cord 
motoneurons.  Semi-quantitative  analyses  per¬ 
formed  with  primers  detecting  mouse  mRNAs 
encoding  either  c-fos  or  AChE-R  revealed  over 
twofold  elevated  levels  of  both  transcripts  follow¬ 
ing  either  chronic  inhibition  or  congenital  overex¬ 


pression  of  AChE  (Fig.  1).  In  contrast,  neither 
endogenous  AChE-S-  nor  AChE-E-mRNA  levels 
were  detectably  affected  by  either  DFP  or  trans¬ 
genic  AChE  (Fig.  1  and  data  not  shown).  (3-actin 
mRNA  displayed  similar  levels  among  all  groups, 
indicating  equal  starting  amounts  of  RNA  in  all 
reactions  (Fig.  1).  These  data  demonstrated  that 
both  chronic  overproduction  and  acute  blockade 
of  AChE  catalytic  activity  stimulate  selective  de  novo 
synthesis  of  AChE-R  in  muscle. 

Readthrough  AChE  mRNA  Accumulates 
in  Both  Muscle  and  Epithelium 
Under  Cholinesterase  Blockade 
and  Transgenic  AChE  Overexpression 

To  determine  the  localization  of  induced  AChE- 
R  mRNA  in  tongue,  we  employed  high  resolution, 
fluorescent  in  situ  hybridization.  Fluorescent 
hybridization  signals  obtained  using  an  AChE-S 
mRNA-specific  probe  exhibited  similar  moderate 
intensities  and  bandwidth  in  epithelium  of 
newborn  transgenic  and  control  mice  (Fig.  2A,B). 
AChE-E  mRNA  was  also  detected  at  low  levels  in 
the  epithelium  of  both  control  and  transgenic  mice 


Journal  of  Molecular  Neuroscience 


Volume  14 ,  2000 


98 


Lev-Lehman  et  al. 


(not  shown).  AChE-RmRNAwasbarely  detectable 
in  sections  from  control  mice,  consistent  with  the 
PCR  data.  In  contrast,  pronounced  expression  of 
AChE-R  mRNA  was  observed  in  tongue  epithe¬ 
lium  of  newborn  transgenic  mice  (figure  2C,D). 
With  DFP,  no  significant  differences  were  observed 
in  the  expression  of  AChE-S  mRNA  in  treated-  vs 
vehicle-injected  mice  (Fig.  2E,F).  However,  15-d- 
old  DFP-treated,  but  not  their  littermate  controls, 
exhibited  high  levels  of  AChE-R  mRNA  across  the 
entire  width  of  the  tongue  epithelium,  extending 
into  the  muscle  (Fig.  2G,H).  In  general,  hybridiza¬ 
tion  with  the  AChE-S  mRNA  probe  gave  moderate 
and  somewhat  punctuated  staining,  consistent  with 
the  localization  of  this  message  around  junctional 
nuclei  (Jasmin  et  al.,  1 993).  In  contrast,  staining  with 
the  AChE-R  mRNA-specific  probe  yielded  a  more 
diffuse  staining  pattern,  especially  following  DFP 
treatment,  suggesting  extrajunctional  synthesis. 
These  data  demonstrated  that  both  transgenic 
overexpression  and  inhibitor-mediated  blockade 
of  AChE  promote  a  specific  induction  of  AChE-R 
mRNA  that  takes  place  in  both  muscle  and 
epithelium. 

Transgenic  Mice  Display  Delocalized 
Overexpression  of  Catalytically 
Active  AChE  in  Muscle 

High-salt/detergent  extracts  of  tongue  revealed 
a  developmental  increase  in  AChE  enzyme 
activity  in  control  mice  (12  ±  2  nmol  substrate 
hydrolyzed /min/ mg  protein  at  P7  versus  24  ±  4  at 
P15;  n  =  8).  Two-fold  increased  levels  of  catalyti¬ 
cally  active  AChE  were  observed  in  tongue 
homogenates  from  transgenic  over  control  mice  at 
P7,  but  only  25%  at  P15.  These  findings  suggested 
that  adjustments  in  the  feedback  response  take 
place  over  time  and/or  during  development.  To 
localize  overexpressed  AChE  in  the  tongue,  we  per¬ 
formed  cytohistochemical  staining  for  AChE  on 
sections  from  1  -mo-old  control  and  transgenic  mice. 
In  control  mice,  activity  staining  was  pale  except 
for  intense,  highly  localized  staining  observed  at 
motor  endplates  (Fig.  3A,B).  In  contrast,  transgenic 
mice  displayed  overall  darker  staining  of  the  muscle 
layers,  particularly  near  the  submucosal  epithe¬ 
lium  (Fig.  3C).  In  transgenic  mice,  intense  staining 
was  observed  along  muscle  fibers,  not  restricted  to 
end  plate  regions  (Fig.  3D).  This  staining  pattern 


Fig.  3.  AChE-Transgenic  mice  display  pronounced 
nonjunctional  enzyme  activity  in  muscle.  Tongue  sec¬ 
tions  from  1  -mo-old  control  and  transgenic  mice  were 
stained  for  catalytically  active  AChE.  (A)  At  low  mag¬ 
nification,  diffuse,  light  staining  of  both  epithelium  (E) 
and  muscle  (M)  layers  was  observed  in  sections  from 
control  mice  (B).  Higher  magnification  revealed  strong 
AChE  activity  localized  to  motor  endplates  (C).  In  sec¬ 
tions  from  transgenic  mice,  minimal  levels  of  AChE  are 
visible  in  the  epithelium,  (C,  arrow;  D)  whereas  intense 
staining  is  evident  in  the  muscle  layer,  widely  distrib¬ 
uted  along  muscle  fibers. 


was  reminiscent  of  AChE-S  overexpressed  in 
myotomes  of  microinjected  Xenopus  embryos  (Seid- 
man  et  al.,  1995).  The  relative  contributions  of 
endogenous  AChE-R  and  transgenic  AChE-S  iso¬ 
forms  to  this  overexpression  pattern  were  not  dis- 
cernable  in  this  experiment.  Nevertheless,  AChE-R 
mRNA  displayed  pronounced  overexpression  in 
epithelium  of  transgenic  mice  that  contrasted  with 
the  accumulation  of  catalytically  active  protein  that 
was  primarily  limited  to  muscle. 
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Fig.  4.  Transgenic  and  DFP-induced  AChE  excesses  associated  with  muscle  pathologies.  Tongue  muscle  from 
PI  5  untreated  control  (Ctrl),  chronic-DFP-treated  control  (DFP),  or  untreated  ACHE  transgenic  (Tg)  mice  was 
stained  with  hematoxyllin-eosin  and  evaluated  for  gross  morphological  features.  Muscle  tissue  of  control  mice 
displayed  a  high  degree  of  organization,  with  fibers  closely  aligned  in  regular  parallel  arrays.  In  control  mice 
injected  daily  with  DFP,  and  in  untreated  transgenic  mice,  the  corresponding  tissues  appeared  distorted,  with 
apparently  atrophic,  disorganized  muscle  fibers.  Upper  panels  present  low  magnification  photomicrographs  that 
include  epithelial  and  muscle  layers.  Lower  panels  display  high  magnification  of  the  muscle  layer  alone. 


Cholinesterase  Inhibition 
and  Overexpressed  AChE 
Cause  Similar  Muscle  Pathologies 

We  previously  reported  aberrant  NMJ  ultra- 
structure  and  progressive  neuromotor  dysfunction 
among  adult  AChE  transgenic  mice.  We  hypothe¬ 
sized  that  induced  AChE-R  contributes  to  this  neu¬ 
romuscular  deterioration.  In  that  case,  DFP,  as  an 
instigator  of  the  AChE  feedback  loop,  would  be 
expected  to  elicit  parallel  myopathologies.  To  deter¬ 
mine  if  the  ability  of  cholinesterase  inhibition  to 
promote  deterioration  of  muscle  is  correlated  with 
overexpressed  AChE-R,  we  studied  the  gross  mor¬ 
phological  features  of  tongue  muscle.  Muscle  fibers 
from  15-d-old  untreated  control  mice  were  orga¬ 
nized  in  a  linear  fashion  within  parallel  bundles. 
In  contrast,  muscle  fibers  from  both  DFP-treated  of 
the  FVB/N  strain  mice  and  ACHE-transgenic  mice 
displayed  chaotic  disorder  (Fig.  4).  At  higher  mag¬ 
nification,  severely  atrophic,  vacuolated  muscles 


could  be  observed  in  both  experimental  systems. 
Despite  these  muscle  malformations,  transgenic 
pups  suckled  normally  and  displayed  normal 
growth  in  their  first  weeks,  suggesting  a  fairly  large 
safety  margin  for  nonstrenuous  muscle  activity. 

Both  Transgenic  and  Anti-AChE  Insults 
Cause  Excessive  Muscle  Reinnervation 

Neurite-growth  promoting  activities  have  been 
demonstrated  for  AChE  in  vitro.  We  therefore 
hypothesized  that  overexpressed  AChE  may  exert 
morphogenic  activities  on  motoneurons .  To  test  this 
hypothesis,  we  used  silver  staining  to  characterize 
the  distribution  of  motor  axons  in  tongue  muscle 
from  DFP-treated  FVB/N  and  untreated  AChE 
transgenic  mice  as  compared  to  untreated  control 
mice.  Large  bundles  of  neurites  (Fig.  5A)  were 
observed  in  muscles  of  all  three  groups  in  similar 
numbers,  suggesting  similar  primary  nerve  input 
to  the  tongue  in  all  mice.  However,  both  DFP- 
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Fig.  5.  Both  transgenic  AChE  and  DFP  induce  neu- 
rite  sprouting.  Silver-stained  tongue-muscle  neurites 
are  shown  in  parallel  sections  from  (A)  15-d-old  con¬ 
trol,  (B)  DFP-injected  control,  and  (C)  AChE  transgenic 
mice.  Both  DFP-treated  and  transgenic  mice  displayed 
numerous  small  (<200  pm2)  bundles  of  neurites  as  com¬ 
pared  with  untreated  controls  (black  arrows).  Shown 
are  representative  photomicrographs  in  an  equivalent 
location  beneath  the  tongue  epithelium.  White  arrow 
indicates  a  representative  large  (>1000  pm2)  neurite 
bundle  observed  in  all  groups  in  similar  numbers.  Sec¬ 
tions  from  vehicle-injected  animals  were  indistin¬ 
guishable  from  untreated  controls  (not  shown).  Bar 
graph  represents  number  of  small  neurites  per  mm2 
(average  ±  SEM)  for  at  least  three  animals  from  each 
group.  Asterisk  indicates  statistically  significant  differ¬ 
ence  compared  to  control  (p  <  0.05,  ANOVA) 


injected  and  AChE  transgenic  mice  displayed  two¬ 
fold  increases  in  the  number  of  small  (<200  pm2), 
apparently  unbundled  neurites  as  compared  to 
both  untreated  and  vehicle-injected  controls  (Fig. 
5B,C).  These  results  indicated  axon  branching  in 
AChE-R  overexpressing  muscles,  and  hinted  at  a 
process  of  denervation-reinnervation  in  muscles  of 
both  DFP-treated  and  ACHE  transgenic  mice. 


Elevated  AChE  Induces  Antisense-Blocked 
Expansion  of  Motor  Endplate  Fields 

The  observed  increase  in  small,  silver-stained 
neurites  in  transgenic  and  DFP-treated  mice  sug¬ 
gested  that  cholinergic  insults  may  be  associated 
with  reinnervation  processes  and  the  formation  of 
new  endplates.  To  examine  this  possibility,  we 
counted  motor  endplates  in  intact  diaphragms  from 
adult  control  and  transgenic  mice,  and  from  con¬ 
trol  mice  1  mo  following  a  course  of  four  daily  ip 
injections  of  DFP  (1  mg/kg).  In  diaphragms  from 
DFP-treated  mice,  we  observed  a  twofold  increase 
over  controls  in  the  average  number  of  endplates 
per  mm2  as  measured  along  the  length  of  the  inner¬ 
vating  nerve  (16.14  ±  2.44  vs  8.52  ±  2.42  [±SEM]) 
(Fig.  6A,B).  In  diaphragms  from  transgenic  mice, 
we  observed  a  50%  increase  in  the  density  of  motor 
endplates  compared  to  controls  (12.61  ±  0.49 
NMJs/mm2)  (Fig.  6C).  Overall,  these  endplates 
appeared  smaller  than  endplates  from  control  mice. 
However,  in  addition  to  the  many  small  endplates, 
we  often  observed  abnormal,  elongated  endplates 
in  muscles  from  both  DFP-treated  and  transgenic 
mice.  Two  weeks  after  treatment  with  DFP,  mus¬ 
cles  from  FVB/N  mice  displayed  AChE  activity 
that  was  elevated  approximately  twofold  above 
controls  (10.2  ±  2.3  vs  6.1  ±  2.1  nanomoles  substrate 
hydrolyzed  / min/ mg  tissue;  n  >  6).  However,  coad¬ 
ministration  of  as  little  as  80  pg/kg  of  a  3'-end- 
capped,  2'-0-methyl  antisense  oligonucleotide 
antisense  against  AChE  (Grisaru  et  al.,  1999)  pre¬ 
vented  accumulation  of  catalytically  active  enzyme 
by  60%  and  largely  suppressed  DFP-induced 
increases  in  the  number  of  diaphragm  motor  end¬ 
plates;  Fig.  6D).  AS3  alone  reduced  NMJ  densities 
to  values  well  below  those  measured  in  control 
muscles  without  dramatically  altering  AChE  activ¬ 
ity.  Together  with  data  indicating  a  relative  sensi¬ 
tivity  of  AChE-R  mRNA  over  AChE-S  mRNA  to 
AS3-mediated  destruction  (Grisaru  et  al.,  1999; 
Golyam  et  al.,  manuscript  in  preparation),  these 
observations  suggest  that  AChE-R  represents  a 
minor  but  physiologically  significant  component 
of  total  muscle  AChE  in  control  untreated  animals. 

Discussion 

We  observed  common  molecular  and  cellular 
responses  in  mouse  muscle  to  transgenic  overex- 
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Fig.  6.  Transgenic  AChE  and  DFP  promote  prolifer¬ 
ation  of  motor  endplates.  Diaphragm  motor  endplates 
from  (A)  4  mo-old  control  mice,  (B)  control  mice  1  mo 
following  repeated  treatment  with  DFP,  and  (C)  AChE- 
transgenic  mice  visualized  by  staining  for  catalytically 
active  AChE.  Both  DFP-treated  control  mice  and  AChE- 
transgenic  mice  displayed  an  increased  number  of  small 
synapses  as  compared  to  controls.  (D)  Graph  repre¬ 
sents  the  number  of  synapses  (average  ±  SEM;  n  >  3) 
per  mm2  tissue  as  a  function  of  AChE  catalytic  activity 
(average  ±  SEM;  n  >  6)  as  determined  in  high  salt/deter¬ 
gent  extracts  by  the  acetylthiocholine  colorimetric  assay 
(Seidman  et  al.,  1995).  AChE  activity  is  expressed  as 
nanomoles  acetylthiocholine  hydrolyzed/min/mg 
tissue.  Note  that  the  NMJ/activity  ratio  in  diaphragms 
from  AS3-treated  control  mice  deviates  significantly 
from  that  expected  given  the  correlation  established  in 
the  DFP  +  AS3  paradigm. 


pression  of  neuronal  AChE  and  to  chronic  admin¬ 
istration  of  the  potent  AChE  inhibitor  DFP.  On  the 
surface,  the  convergent  outcome  of  these  two  exper¬ 
imental  manipulations  appears  paradoxical.  DFP 
imposes  a  rapid,  irreversible  blockade  of  the  acetyl¬ 
choline-hydrolyzing  activity  of  AChE,  leading  to 


acetylcholine  excess  and  cholinergic  excitation 
(Taylor,  1995;  Friedman  et  al.,  1996).  In  contrast, 
transgenic  overexpression  of  AChE  in  motoneu¬ 
rons  is  predicted  to  elevate  locally  acetylcholine¬ 
hydrolyzing  activity  at  the  NMJ,  presumably 
resulting  in  an  acetylcholine  deficit  and  choliner¬ 
gic  hypoactivity.  Yet,  in  both  cases,  we  observed 
elevated  levels  of  c-fos  and  AChE-R  mRNAs  asso¬ 
ciated  with  changes  in  the  number  and  structure 
of  motor  endplates,  branching  of  motor  axons,  and 
severe  myopathologies.  These  findings  suggest  that 
both  gain  and  loss  of  synaptic  activity  impose  a 
physiological  stress  on  the  muscle  that  is  translated 
into  changes  in  gene  expression  having  long-term 
implications  for  neuromuscular  function.  In  trans¬ 
genic  mice,  abnormally  intense  electrophysiologi- 
cal  activity  suggested  that  long-term  adaptation  to 
overexpressed  synaptic  AChE  promotes  enhanced 
cholinergic  activity  at  some  sites  (Andres  et  al., 
1997;  Farchi  et  al.,  unpublished  data).  In  that  case, 
even  normal  neuromotor  activity  would  elicit 
cholinergic  hyperexcitation  and  induce  expression 
of  AChE-R  in  muscles  of  transgenic  mice.  Never¬ 
theless,  AChE  overexpression  following  either 
stress  or  anticholinesterase  intoxication  carries  dire 
implications  for  neuromuscular  structure  and  func¬ 
tion  in  vivo.  These  findings  in  muscle  parallel  the 
overexpression  of  AChE-R  observed  in  rodent  brain 
under  stress  and  anticholinesterase  exposure.  The 
profound  impact  of  AChE-R  overexpression  on  the 
structure  and  organization  of  NMJs,  advances  the 
notion  that  overexpressed  AChE-R  in  the  CNS  plays 
a  role  in  the  delayed  psychopathologies  associat- 
edwith  trauma  or  anticholinesterase  intoxication 
(reviewed  by  Kaufer  et  al.,  1999).  It  is  noteworthy 
that  transgenic  mice  overexpressing  very  high 
levels  of  AChE-R  (Sternfeld  et  al.,  1998)  display 
dramatic  fourfold  elevated  NMJ  densities  (T.  Evron 
and  M.  Soreq,  unpublished  observation). 

Until  recently,  the  low-level  basal  expression  of 
AChE-R  precluded  characterization  of  this  protein 
from  natural  sources.  Nonetheless,  heterologous 
expression  studies  demonstrated  AChE-R  to  be  a 
soluble,  secreted,  nonsynaptic,  catalytically  active 
form  of  the  enzyme  (Seidman  et  al.,  1995).  In 
microinjected  Xenopus  embryos,  expression  of 
AChE-R  was  restricted  to  secretory  epidermal  cells. 
This  is  consistent  with  our  observations  of  induced 
AChE-R  mRNA  in  tongue  epithelium.  However, 
the  absence  of  significant  AChE  activity  in  the 
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tongue  epithelium  suggests  that  excess  AChE-R  is 
excreted  from,  rather  than  retained  within,  this 
tissue  as  well.  Normally,  the  accumulation  of  AChE 
in  mature  NMJs  is  accomplished  by  focal  tran¬ 
scription  at  subjunctional  nuclei  combined  with 
restrictions  on  diffusion  of  AChE  mRNA  or  protein 
to  nonjunctional  sites  (Jasmin  et  al.,  1993).  The  dif¬ 
fuse  localization  of  overexpressed  AChE-R  mRNA 
and  of  AChE  enzyme  in  transgenic  and  DFP-treated 
muscle  is  consistent  with  a  nonjunctional  disposi¬ 
tion  for  this  enzyme.  Moreover,  it  suggests  that 
transcription  of  AChE  mRNA  is  activated  follow¬ 
ing  DFP  in  otherwise  "quiescent"  nonjunctional 
nuclei.  Nevertheless,  the  extent  of  overexpressed 
AChE  in  transgenic  mice  displayed  a  downward 
trend  during  postnatal  development.  Our  current 
findings  indicate  adjustments  of  the  AChE  feed¬ 
back  loop  and  would  explain  our  previous 
detection  of  only  slightly  elevated  AChE  activity 
in  muscles  of  adult  transgenic  mice  (Andres 
etal.,1997). 

Increased  numbers  of  small  neurites  were  asso¬ 
ciated  with  increased  numbers  of  small,  immature 
endplates  in  diaphragms  of  DFP  and  transgenic 
mice.  This  suggests  that  NMJ  stress  stimulates  com¬ 
pensatory  mechanisms  designed  to  increase  the 
number  of  functional  synapses.  I.p.  injections  of 
antisense  oligonucleotides  to  AChE  mRNA  ame¬ 
liorated  both  induced  AChE  overexpression  and 
motor  endplate  expansion.  Because  oligonu¬ 
cleotides  are  not  known  to  cross  the  blood-brain- 
barrier  unassisted  (Seidman  et  al.,  1999),  the 
observation  that  systemic  administration  of  AS3 
effectively  blocked  DFP-promoted  synaptogenesis 
indicates  a  prominent  role  for  muscle-derived 
AChE-R  in  this  phenomenon.  Neurite-growth- 
promoting  functions  attributed  to  the  synaptic 
AChE-S  variant  were  shown  to  be  independent  of 
catalytic  activity  (Sternfeld  et  al.,  1998).  In  the  cur¬ 
rent  study,  repeated  DFP  treatments  were  associ¬ 
ated  with  elevated  levels  of  AChE-R  mRNA  and 
enhanced  neurite  branching  even  though  de  novo 
synthesized  enzyme  would  be  rapidly  inactivated 
by  residual  inhibitor.  This  is  compatible  with  the 
idea  that  catalytically  inactive  AChE-R  exerts  mor¬ 
phogenetic  activities  on  mammalian  motoneurons. 
Moreover,  recent  studies  in  our  laboratory  demon¬ 
strate  long-term  (at  least  1  mo)  overproduction  of 
AChE-R  in  brain  following  exposure  to  DFP  (Fried¬ 
man  et  al.,  manuscript  in  preparation).  This  could 


help  explain  the  devastating  myopathic  effects  of 
even  a  single  exposure  to  this  agent  (Taylor,  1996). 
As  DFP  promotes  overexpression  of  AChE  in  cen¬ 
tral  neurons,  the  signal  driving  changes  in  neurite 
structure  could  originate  from  either  the  muscle 
or  the  motoneurons  themselves.  Similarly,  the 
effects  of  DFP  on  muscle  may  reflect  its  status  as 
a  target  tissue  of  neurons  overexpressing  AChE- 
R.  This  latter  possibility  suggests  further  studies 
into  the  potential  effects  of  overexpressed  neuronal 
AChE  on  other  target  tissues  such  as  adrenal  gland 
and  intestine. 

A  massive  and  transitory  increase  in  c-fos  mRNA 
and  Fos  protein  was  reported  to  occur  in  rats  intox¬ 
icated  by  a  single  dose  of  Soman,  a  highly  toxic  irre¬ 
versible  inhibitor  of  cholinesterase  (Chollat  et  al., 
1 993).  In  our  study,  both  DFP  and  transgenic  AChE 
promoted  elevated  levels  of  c-fos  mRNAin  muscle. 
Upregulation  of  this  nuclear  transcription  factor 
could  be  owing  to  muscle  necrosis  and  cell  death 
because  chronic  elevation  of  Fos  usually  accom¬ 
panies  cell  injury  or  apoptosis  (Slotkin  et  al.,  1997). 
However,  induction  of  c-Fos  was  also  reported  to 
follow  nerve  growth  factor  administration  in 
cholinergic  neurons  of  the  adult  rat  basal  forebrain 
(Gibbs  et  al.,  1997).  Therefore,  elevated  c-fos  mRNA 
in  transgenic  and  DFP-treated  mouse  muscle  could 
reflect  regeneration  processes.  In  brain,  calcium- 
dependent  elevations  in  c-fos  mRNA  were  spatio- 
temporally  correlated  with  elevated  levels  of 
AChE-R  mRNA.  This  suggests  that  AChE-R  rep¬ 
resents  a  downstream,  stress-responsive  element 
in  the  nervous  system.  The  sequence  homology  (de 
la  Escalera  et  al.,  1990;  Ichtchenko  et  al.,  1995)  and 
functional  redundancy  (Darboux  et  al.,  1996;  Grif- 
man  et  al.,  1998)  between  AChE  and  neuronal  cell- 
cell  interaction  proteins  with  protruding 
intracellular  domains  such  as  neurotactin  and  neu- 
roligin  suggest  a  role  for  AChE  in  cell  adhesion.  In 
that  case,  stress-responsive  AChE-R  could  play  a 
role  in  the  neuronal  remodeling  that  follows  vari¬ 
ous  stress  insults.  The  core  domain  of  AChE  is  likely 
to  mediate  the  enzyme's  noncatalytic  functions, 
perhaps  by  regulating  ligand-binding  interactions 
between  its  homologous  cell  surface  proteins  and 
their  natural  binding  partners  (i.e.,  neurexins).  Nev¬ 
ertheless,  isoform-specific  influences  of  AChE  on 
cellular  morphogenesis  implies  important,  but 
yet  undefined  roles  for  the  various  alternative 
C-terminal  peptides. 
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Cholinesterase  inhibitors  are  routinely  employed 
to  treat  various  neurological  disorders  associated 
with  cholinergic  deficits.  For  example,  the  fluctu¬ 
ating  muscle  weakness  suffered  by  individuals 
afflicted  with  myasthenia  gravis  is  treated  with 
chronic  administration  of  neostigmine.  Neverthe¬ 
less,  neostigmine  has  long  been  known  to  promote 
ultrastructural  abnormalities  of  the  postsynaptic 
NMJ  membrane,  terminal  nerve  branching,  and 
myopathologies  in  normal  rats  (Engel  et  al.,  1973; 
Hudson  et  al.,  1978).  For  these  reasons,  it  was  sug¬ 
gested  that  anticholinesterase  therapy  may  actu¬ 
ally  contribute  to  the  progressive  deterioration  of 
muscle  function  in  myasthenia  gravis  (Swash, 
1975).  Our  current  findings  suggest  that  adverse 
responses  to  neostigmine  might  be  mediated  by 
feedback  responses  to  AChE  inhibition  and  conse¬ 
quent  accumulation  of  AChE-R  in  muscle.  Thus, 
our  data  point  to  feedback  overexpression  of  AChE- 
R  as  a  mechanism  translating  diverse  physiologi¬ 
cal  NMJ  stresses  into  long-term  neuromuscular 
pathologies.  They  therefore  raise  serious  concern 
about  excessive  use  of  anticholinesterases  for  man¬ 
agement  of  noncrisis  medical  situations.  Perhaps 
it  is  not  surprising,  therefore,  that  muscle  weak¬ 
ness  is  prominent  among  the  complaints  of  Gulf 
War  veterans  having  received  90  mg/d  pyri¬ 
dostigmine  as  a  prophylactic  guard  against  antic¬ 
ipated  exposure  to  chemical  weapons  (Haley  et  al., 
1997).  Thus,  the  indications  that  anticholinesterase 
drugs  initiate  potentially  devastating  feedback 
responses  in  mammalian  muscle  carries  profound 
health  implications  for  the  relatively  large  group 
of  individuals  currently  receiving,  or  targeted  for, 
various  anticholinesterase  therapeutics.  For  exam¬ 
ple,  the  only  drugs  currently  approved  for 
Alzheimer's  disease  are  potent  AChE  inhibitors. 
The  efficient  in  vivo  suppression  of  AChE  overex¬ 
pression  achieved  here  with  extremely  low  doses 
of  antisense  oligonucleotides  to  AChEmRNA  sug¬ 
gests  that  antisense  therapeutics  may  offer  a  viable 
alternative  approach  to  conventional  anticol- 
inesterase  therapy  in  the  nervous  system. 
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ABSTRACT 

Male  infertility  is  often  attributed  to  stress.  However,  the  protein  or  proteins  that  mediate  stress- 
related  infertility  are  not  yet  known.  Overexpression  of  the  “readthrough”  variant  of 
acetylcholinesterase  (AChE-R)  is  involved  in  the  cellular  stress  response  in  a  variety  of 
mammalian  tissues.  Here,  we  report  testicular  overexpression  of  AChE-R  in  heads,  but  not  tails, 
of  postmeiotic  spermatozoa  from  mice  subjected  to  a  transient  psychological  stress  compared 
with  age-matched  control  mice.  Transgenic  mice  overexpressing  AChE-R  displayed  reduced 
sperm  counts,  decreased  seminal  gland  weight,  and  impaired  sperm  motility  compared  with  age- 
matched  nontransgenic  controls.  AChE-R  was  prominent  in  meiotic  phase  spermatocytes  and  in 
tails,  but  not  heads,  of  testicular  spermatozoa  from  AChE-R  transgenic  mice.  Head-localized 
AChE-R  was  characteristic  of  human  sperm  from  fertile  donors.  In  contrast,  sperm  head  AChE- 
R  staining  was  conspicuously  reduced  in  samples  from  human  couples  for  whom  the  cause  of 
infertility  could  not  be  determined,  similar  to  the  pattern  found  in  transgenic  mice.  These 
findings  indicate  AChE-R  involvement  in  impaired  sperm  quality,  which  suggests  that  it  is  a 
molecular  marker  for  stress-related  infertility. 

Key  words:  psychological  stress  •  sperm  motility  •  spermatogenesis 

Male  gamete  production,  spermatogenesis,  takes  place  in  the  seminiferous  tubules  of  the 
testes.  Progression  through  this  process  is  accompanied  by  migration  of  cells  from  the 
tubule  peripheiy  towards  the  central  cavity.  At  the  periphery  of  the  tubules  are  diploid 
stem  cells,  spermatogonia,  which  pass  through  proliferative  mitotic  divisions  to  generate 
spermatocytes.  Spermatocytes  give  rise  to  round  haploid  spermatids  through  meiosis.  Spermatids 
elongate  and  differentiate  to  form  spermatozoa  that  are  released  to  the  genital  duct  system.  In  the 
epididymis,  spermatozoa  acquire  motility  and  fertilization  ability  (1). 

Reduced  male  fertility  is  one  of  the  known  consequences  of  psychological  stress  (2-4).  The 
molecular  pathways  translating  stress  into  depressed  male  reproductive  potency  are  not  yet 
known  but  likely  involve  stress-hormone-induced  alterations  in  gene  expression  (5). 


4 


Glucocorticoid  hormones  released  by  the  adrenal  gland  in  response  to  stress  (6)  are  known  to 
exert  long-lasting  effects  on  gene  expression.  We  reported  previously  activation  of  the  gene 
encoding  the  acetylcholine  hydrolyzing  enzyme  acetylcholinesterase  (AChE;  EC  3. 1.1. 7)  by 
forced  swim  stress  and  pharmacological  inhibitors  of  AChE  in  brain  (7),  muscle  (8), 
hematopoietic  cells  (9),  and  intestinal  epithelium  (10).  In  all  these  cases,  overexpressed  AChE 
appeared  as  an  otherwise  rare  splicing  variant  known  as  “readthrough”  AChE,  or  AChE-R. 
Stress-induced  overexpression  of  AChE-R  likely  involves  both  glucocorticoid-sensitive  (9)  and 
glucocorticoid-insensitive  (7)  components. 

The  classical  function  of  AChE,  acetylcholine  hydrolysis  (11),  plays  a  crucial  role  in  cholinergic 
neurotransmission.  AChE  was  also  observed  in  spermatozoa  (12,  13),  where  its  presence  was 
attributed  to  cholinergic  mechanism(s)  involved  in  sperm  motility  (14,  15).  Nevertheless,  it  has 
been  shown  recently  that  AChE  exerts  morphogenic  and/or  developmental  activities  unrelated  to 
acetylcholine  hydrolysis  (16).  Furthermore,  AChE  inhibitors  in  use  as  agricultural  insecticides 
were  associated  with  yet  unexplained  impairments  in  spermatogenesis  and  sperm  properties  (17, 
18).  For  these  reasons,  we  explored  the  influence  of  AChE-R  on  spermatogenesis  and  sperm 
properties. 

MATERIALS  AND  METHODS 

Animals  and  tissue  collection 

Male  FVB/N  mice  (2-6  months  old)  were  killed  24  h  after  four  successive  daily  forced  swim 
sessions  as  detailed  (7).  Control  mice,  and  mice  that  have  a  transgene  encoding  human  AChE-R 
inserted  into  their  genome,  were  killed  with  no  previous  treatment.  We  prepared  serum  from 
blood  samples  allowed  to  clot  1  h  at  room  temperature  and  overnight  at  4°C,  followed  by 
centrifugation  and  supernatant  collection.  Testes  and  seminal  vesicles  were  excised  and  weighed. 
One  testis  from  each  animal  was  fixed  in  4%  paraformaldehyde  or  Bourn’ s  fixative,  the  other 
was  kept  at  -70°C  for  protein  extraction. 

Serum  hormone  levels 

Serum  corticosterone  concentrations  were  determined  by  radioimmunoassay  (ICN 
Pharmaceuticals,  Inc.,  Costa  Mesa,  CA). 

Sperm  evaluation 

Live,  motile  sperm  were  counted  manually  in  isolates  prepared  from  a  single  cauda  epididymis 
shredded  in  1  ml  saline.  Sperm  concentration  was  measured  by  using  the  Improved  Neubauer 
chamber  (Heinz  Herenz,  Hamburg,  Germany).  For  staining  with  the  fluorogenic  dye  JC-1, 
epididymal  sperm  cells  were  incubated  20  min  at  room  temperature  in  the  presence  of  3  pM  JC-1 
and  12  pM  Propidium  Iodide  (Molecular  Probes,  Inc.,  Eugene,  OR),  essentially  as  detailed  (19). 
Samples  were  centrifuged  at  500  g  for  7  min  to  remove  excess  dye.  A  drop  of  the  suspended 
cells  was  placed  on  a  coverslip  and  covered  by  a  second  coverslip.  Viable  motile  cells  that 
reached  the  drop’s  periphery  were  subjected  to  fluorescence  microscopy  and  quantitative 


evaluation  of  JC-1  emission  at  525  nm  (green)  and  585  nm  (red).  The  ratio  between  red  and 
green  fluorescence  was  considered  to  reflect  mitochondrial  membrane  potential. 

AChE  analysis 

AChE  activity  assay,  5%-20%  sucrose  gradient  and  immunoblot  analysis  were  performed 
essentially  as  described  (20)  on  testes  tissue  homogenized  in  1  M  NaCl,  0.01  M  EGTA,  0.01  M 
Tris  HC1  pH  7.4,  1%  TritonXIOO.  AChE-R  was  detected  with  a  polyclonal  antibody  targeted  at 
the  C-termial  peptide  of  AChE-R  (20).  Band  intensities  of  two  lanes  loaded  with  protein  from 
individual  mice  of  each  group  were  quantified  by  using  Adobe  Photoshop  5.0  software. 

In  situ  hybridization 

In  situ  hybridization  was  performed  as  detailed  elsewhere  (7)  on  7-pm-thick  paraformaldehyde- 
fixed  paraffin-embedded  sections  using  50-mer,  biotinylated,  2’-0-methyl  cRNA  probes  targeted 
to  either  pseudointron  14  or  exon  E6  in  AChEmRNA  transcripts.  ELF™  (Molecular  Probes,  Inc., 
Eugene,  OR)  was  used  as  a  fluorogenic  alkaline  phosphatase  substrate. 

Immunohistochemistry 

Detection  of  the  AChE  isoforms  was  performed  on  7-pm-thick  paraffin-embedded  sections  with 
polyclonal  antibodies  targeted  at  the  C-terminal  peptide  of  synaptic  AChE-S  (C-16;  Santa  Cruz 
Biotechnology,  Santa  Cruz,  CA)  or  of  AChE-R(20).  Biotinylated  secondary  antibodies  were 
detected  with  strepavidin-alkaline  phosphatase  conjugate  (Amersham  Pharmacia  Biotech, 
Piscataway,  NJ).  Fast  Red  (Roche  Molecular  Biochemicals,  Mannheim,  Germany)  was  used  as  a 
chromogenic  substrate.  PCNA  was  detected  by  using  a  dedicated  staining  kit  (Zymed 
Laboratories,  San  Francisco,  CA);  nuclear  counterstaining  was  with  hematoxylin  (Sigma,  St. 
Louis,  MO).  All  immunodetections  were  performed  after  heat-induced  antigen  retrieval. 

Confocal  analysis 

An  MRC-1024  BioRad  (Hemel  Hempsted,  Hertfordshire,  U.K.)  confocal  microscope  equipped 
with  an  inverted  microscope  was  used  to  scan  the  Fast  Red  precipitate  used  for 
immunodetection.  Fluorescence  was  excited  at  488  nm,  and  emission  was  measured  with  a 
580df32  filter.  To  examine  mouse  testicular  spermia  in  tissue  sections,  we  scanned  a  confocal 
plane  every  0.35pm  using  a  63X/1.4  oil  immersion  objective  and  a  three-dimensional  projection 
created  from  all  sections.  To  examine  human  sperm  smears,  a  confocal  plane  was  scanned  every 
0.30  pm  by  using  a  40X/1.3  oil  immersion  objective;  three-dimensional  projections  of  the  signal 
were  overlaid  on  a  phase  contrast  image  of  the  cells. 

RESULTS 

AChE-R  is  overexpressed  in  testes 
from  mice  exposed  to  forced  swimming 


To  examine  the  effects  of  acute  stress  on  AChE  expression  in  the  male  gonads,  we  subjected 
adult  male  FVB/N  mice  to  four  successive  daily  sessions  of  confined  swim  (7).  Stressed  mice 
displayed  fivefold  elevated  serum  corticosterone  levels  (171.0  ±  62.4  ng/ml  serum  (Avg.  ±  SE), 
n= 4)  compared  with  naive  mice  (31.6±7.5;  n= 3;  /><0.04,  Mann- Whitney).  Elevated 
glucocorticoid  levels  were  accompanied  by  mildly  increased  AChE  activities  in  testicular 
extracts  (0.3±0.03  nmoles  substrate/min/mg  protein  after  stress  vs.  0.1  ±0.01  nmoles/min/mg 
protein  in  controls).  To  identify  the  cell  population(s)  that  respond  to  stress  by  increasing  ACHE 
gene  activity,  we  used  in  situ  hybridization  (7).  A  selective  2’-0-methyl  biotinylated  cRNA 
probe  revealed  a  circumferential  distribution  of  AChE-R  mRNA  in  testicular  tubules  from  naive 
mice  (Fiu.  1A).  In  stressed  mice  24  h  after  the  last  swim  session,  AChE-R  mRNA  signals  were 
notably  intensified  and  extended  into  all  cell  layers  (Fiu.  IB).  Immunodetection  with  an  antibody 
selective  for  AChE-R  (20)  produced  no  detectable  staining  in  testes  from  control  mice  (Fig.  .1C). 
In  contrast,  anti- AChE-R  antibodies  intensively  labeled  internal  cell  layers  in  tubules  of  stressed 
mice  (Fia.  ID),  particularly  the  innermost  stratum  containing  maturing  spermatozoa.  Stress 
therefore  induced  AChE-R  mRNA  overproduction  in  cells  undergoing  early  spermatogenesis  and 
caused  accumulation  of  AChE-R  protein  at  later  stages  of  sperm  formation. 

Transgenic  mice  as  a  model  for  chronic 
testicular  overexpression  of  AChE-R 

To  establish  a  model  for  chronic  gonadal  overexpression  of  AChE-R,  we  exploited  mice  that 
were  transgenic  for  human  AChE-R  (20).  Transgenic  mice  displayed  700-fold  excess  testicular 
AChE  activity  (Fig.  2A).  Elevated  levels  of  a  66  KDa  immunoreactive  band  comigrating  with 
recombinant  AChE-R  protein  was  accompanied  by  unchanged  labeling  of  a  slightly  faster 
migrating  band  (Fiu.  2B).  potentially  reflecting  another  AChE  variant  (21),  different 
glycosylation  patterns  (22)  or  proteolytic  cleavage  of  the  AChE  protein,  which  was  previously 
observed  in  the  serum  of  stressed  mice  (9).  Sucrose  gradient  centrifugation  (5%-20%) 
demonstrated  the  excess  AChE  to  migrate  as  a  single  peak  of  globular  monomeric  enzyme,  as 
expected  from  AChE-R  (Fig.  20.  Using  in  situ  hybridization,  we  detected  high  levels  of  AChE- 
R  mRNA  in  the  peripheral  layers  of  testicular  tubules  from  transgenic  compared  with  control 
FVB/N  mice  (Fiu.  3A.  B).  Elevation  of  AChE-R  mRNA  levels  in  the  circumference  of  tubules 
was  similar  to  that  observed  in  nontransgenic  mice  following  stress  (compare  with  Fig..J_B).  The 
peripheral  layers  are  the  cell  layers  harboring  both  mitotic  spermatogonia  and  postmitotic 
spermatocytes.  Using  anti-AChE-R  antibodies,  we  could  not  detect  the  AChE-R  protein  in 
sections  from  control  nonstressed  mice  (Fiu.  3C).  In  contrast,  65%  of  stained  tubules  from 
transgenic  mice  displayed  pronounced  deposition  of  AChE-R  in  a  single  peripheral  cell  layer 
(Fiu.  3D).  The  remaining  35%  were  divided  evenly  between  tubules  with  AChE-R  deposits  in 
the  inner  cell  layers  harboring  spermatozoa  heads  (similar  to  the  stress  pattern)  and  tubules  with 
labeling  within  the  tubular  cavity  into  which  the  spermatozoa  tails  project  (data  not  shown). 
Some  tubules  stained  in  the  periphery  were  also  stained  in  the  inner  layer  (12%  of  stained 
tubules)  or  the  cavity  (26%).  Thus,  AChE-R  expression  in  testes  of  transgenic  mice  resembled 
that  of  mice  subjected  to  repeated  acute  stress  at  the  level  of  the  mRNA  but  exhibited  a  more 
complex  pattern  of  cellular  distribution  at  the  level  of  the  protein.  In  contrast,  the  expression  of 
the  “synaptic”  AChE-S  splicing  variant  appeared  largely  unaffected  by  either  stress  or  transgenic 
overexpression  of  AChE-R  (data  not  shown). 


Accumulated  AChE-R  in  postmitotic  sperm  progenitors 
imposes  a  partial  block  to  postmeiotic  differentiation 

We  observed  recently  that  AChE-R  promotes  expansion  of  hematopoietic  progenitor  cells  (9) 
and  terminal  differentiation  of  osteoblasts  (23).  We  therefore  considered  the  possibility  that 
overproduction  of  AChE-R  may  affect  the  proliferation  of  male  germ  cell  progenitors.  To 
quantify  replicating  cells,  we  stained  for  proliferating  cell  nuclear  antigen  (PCNA).  In  both  naive 
FVB/N  and  AChE-R  transgenic  mice,  PCNA  staining  was  confined  to  the  most  peripheral  cell 
layer  consisting  exclusively  of  spermatogonia,  the  proliferative  spermatogenic  progenitors  (Fig, 
3E  and  data  not  shown).  AChE-R  was  undetectable  in  this  cell  layer  (Fig.  3F),  being 
concentrated  in  the  next  inner  layer  of  postmitotic  spermatocytes  of  transgenic  mice.  In 
spermatocytes,  AChE-R  displayed  a  subcellular  disposition  that  included  diffuse  cytoplasmic 
distribution  in  addition  to  focal  perinuclear  sites  of  accumulation  (Fig.  3F,  inset).  The  average 
number  of  PCNA  labeled  cells  was  identical  in  transgenic  and  control  mice  (67.5±2.8  vs. 
67.2±2.0  cells/normalized  tubule  perimeter,  respectively).  In  addition,  we  did  not  observe  any 
changes  in  the  organization  of  spermatogonia  in  testes  from  transgenic  mice  (data  not  shown).  In 
contrast,  the  number  of  postmeiotic,  differentiating  spermatozoa  surrounding  the  tubular  cavity 
was  reduced  significantly  in  transgenic  mice  compared  with  control  mice  (82±12  vs.  97±15 
cells/normalized  tubule  perimeter,  respectively;  n= 3,  8-10  tubules  per  mouse,  P  <  0.0005, 
Student’s  /-test). 

Transgenic  testicular  overproduction  of  AChE-R 
is  associated  with  impaired  sperm  properties 

As  predicted  by  the  reduced  number  of  spermatozoa  in  testicular  tubules,  epididymal  sperm 
counts  were  also  significantly  lower  in  transgenic  compared  with  control  mice  (Fig.  4).  However, 
the  45%  reduction  in  epididymal  sperm  cells  exceeded  the  cell  loss  observed  in  tubules  by  30%, 
indicating  that  additional  cell  loss  takes  place  following  the  release  of  spermatozoa  from  the 
seminiferous  tubules.  In  addition,  motility  of  surviving  sperm  appeared  compromised  in 
transgenic  mice  compared  with  controls  (Fig.  4).  Although  suggestive  of  functional  impairments, 
the  sperm  motility  data  were  not  statistically  significant.  Using  JC-1  (19)  to  assess  mitochondrial 
activity  of  motile  transgenic  epididymal  sperm,  we  observed  hyperpolarization  rather  than 
hypopolarization  of  mitochondrial  membranes  (data  not  shown).  This  observation  excluded 
reduced  cellular  respiration  as  a  cause  for  reduced  sperm  motility  but  raised  the  possibility  that 
mitochondrial  hyperpolarization  foreshadows  apoptotic  events  that  contribute  to  reduced  sperm 
counts  (24,  25).  In  addition  to  sperm  properties,  seminal  gland  weight  of  transgenic  mice  was 
also  reduced  compared  with  controls  (Fig.  4). 

AChE-R  may  serve  as  a  marker  of  stress-related  male  infertility 

Testicular  tubules  from  stressed  mice  and  a  large  portion  (-60%)  of  those  from  transgenic  mice 
displayed  accumulation  of  AChE-R  in  differentiated  spermatozoa  residing  at  the  inner  cell  layer 
surrounding  the  cavity.  To  characterize  the  expression  of  AChE-R  in  mouse  spermatozoa,  and  to 
explore  the  relevance  of  the  mouse  models  to  human  fertility,  we  performed  confocal 
microscopy.  Anti-AChE-R  antibodies  failed  to  label  testicular  spermatozoa  from  control  mice 
(Fig.  5A).  In  contrast,  repeated  acute  stress  facilitated  strong,  punctate,  intracellular  labeling  that 


was  limited  to  spermatozoa  heads  (Fiu.  5B),  with  few  cells  also  stained  at  the  neck.  Spermatozoa 
from  AChE-R  transgenics  were  either  unlabeled  (40%),  or  stained  at  the  neck  (35%)  or  head 
(25%)  (Fiti.  50.  We  then  examined  human  sperm  in  air-dried  smears  of  ejaculates  from 
apparently  fertile  donors  or  from  the  male  partner  of  couples  with  unexplained  infertility.  Men 
from  infertile  couples  were  healthy,  did  not  suffer  from  hypogonadism,  and  displayed  sperm 
concentration  within  the  same  range  as  fertile  subjects  (44-241  and  60-137  X  106  sperm  cells/ml, 
respectively).  These  men  were  selected  because  they  did  not  display  any  abnormal  sperm 
parameter  to  which  the  couple  infertility  could  be  attributed.  Sperm  in  samples  from  fertile 
donors  were  stained  in  both  the  head  and  neck  regions.  In  contrast,  samples  from  infertility 
patients  presented  large  fractions  of  sperm  with  intense  labeling  in  the  neck  region  but  no 
detectable  head-associated  AChE-R  (Fiu.  5D).  Cumulative  analysis  by  a  blind  observer  of 
approximately  40  sperm  cells  from  each  of  3  individuals  in  each  group  demonstrated  a 
significantly  decreased  proportion  (P<0.05,  Mann  Whitney)  of  head-stained  sperm  from  male 
partners  of  infertile  couples  as  compared  to  sperm-bank  donors. 

DISCUSSION 

Testicular  AChE  is  subject  to  stress-induced 
changes  in  alternative  splicing 

Our  current  findings  associate  stress  with  testicular  overproduction  of  AChE-R  and  suggest  that 
stress  insults  of  varying  duration  or  severity  may  initiate  graded  increases  in  AChE-R  in 
spermatogenic  cells  (Fia.  6).  The  increase  in  AChE  expression  following  stress  is  consistent  with 
the  presence  of  a  recently  discovered  consensus  sequence  for  a  putative  glucocorticoid  response 
element  in  the  upstream  promoter  region  of  the  human  ACHE  gene  locus  (10).  AChE 
overexpression  following  stress  was  highly  selective  as  it  was  observed  only  for  the  AChE-R 
isoform.  This  finding  suggests  active  diversion  of  3’  alternative  splicing  of  AChE  mRNA.  This 
pattern  of  stress-mediated  ACHE  gene  expression  parallels  that  observed  in  other  tissues  and 
strengthens  the  concept  of  shifted  alternative  splicing  and  the  resultant  AChE-R  protein  as 
universal  stress  response  elements  in  multiple  mammalian  organs,  including  the  gonads.  It  would 
be  interesting  to  test  if  the  effect  of  stress  on  testis  is  reversible  and,  if  so,  how  long  it  takes  to 
reverse. 

Massive  AChE-R  elevation  could  impair  spermatogenesis 
and  sperm  function  in  a  noncatalytic  manner 

Compared  with  psychologically-stressed  FVB/N  mice,  transgenic  mice  exhibiting  massive 
AChE-R  overproduction  displayed  heterogeneity  in  the  cellular  and  subcellular  localization  of 
AChE-R.  It  is  yet  unclear  whether  this  difference  between  stressed  and  transgenic  mice  reflects 
the  high  levels  of  overexpression  achieved  in  the  transgenic  model,  or  a  property  resulting  from 
chronic  congenital  overexpression  of  the  transgenic  protein.  The  greatly  elevated  expression  of 
AChE-R  in  transgenic  mice  was  accompanied  by  decreased  sperm  counts,  sperm  motility,  and 
seminal  gland  weight.  The  decline  in  postmitotic  spermatozoa  numbers  in  AChE-R  transgenics 
suggests  that  AChE-R  excess  may  impose  yet  undefined  restrictions  on  spermatogenesis 
following  mitotic  cell  division.  Although  the  reduction  in  seminal  gland  weight  potentially 
reflects  systemic  effects  of  chronic  AChE-R  overexpression  and  its  impact  on  autonomous 


cholinergic  innervation(26),  not  all  the  effects  should  necessarily  be  attributed  to  increased 
cholinesterase  activity.  The  high  accumulation  of  AChE-R  in  sperm  cell  progenitors  suggests 
that  the  primary  impact  of  its  transgenic  overexpression  on  spermatogenesis  and/or  sperm 
properties  results  from  direct  effects  of  the  protein  on  cellular  processes.  In  this  light, 
noncatalytic  cell  signaling  capacities  now  well  established  for  nervous  system  AChE  (27-29) 
may  be  relevant.  Our  findings  therefore  emphasize  the  need  to  identify  the  yet  unknown  protein 
partners)  of  AChE-R  and  its  putative  signal  transduction  pathways.  The  perinuclear  localization 
of  AChE-R  in  spermatocytes  resembled  the  nuclear  association  of  megakaryocytic  AChE  (30). 
In  hematopoietic  progenitors,  AChE  regulation  is  tightly  associated  with  that  of  CHED,  a  CDC- 
related  protein  kinase  (31),  which  suggests  potential  involvement  in  cell  cycle  processes  and 
calling  for  a  search  for  potential  correlation  between  cyclin  regulation  during  mammalian 
gametogenesis  (32)  and  AChE-R. 

AChE-R  is  potentially  involved  in  the  detrimental  effects 
of  psychological  stress  on  male  fertility 

The  transgenic  mouse  model  demonstrates  the  potentially  detrimental  effects  of  high  levels  of 
dispersed  testicular  AChE-R  on  mammalian  sperm  maturation  and/or  properties.  Absence  of 
AChE-R  from  heads  of  testicular  spermatozoa,  as  was  observed  primarily  in  AChE-R  transgenic 
mice,  also  appeared  to  be  characteristic  of  sperm  from  the  male  partners  of  human  couples  with 
unexplained  infertility,  but  not  of  sperm  from  fertile  controls.  These  results  support  the  notion  of 
a  role  for  stress-related  changes  in  AChE  expression  in  impaired  sperm  quality  in  humans  as 
well.  The  differential  AChE-R  staining  patterns  observed  in  the  two  human  groups  suggest 
AChE-R  labeling  as  a  possible  useful  marker  for  stress-related  male  infertility,  and  strengthen 
the  notion  that  stress-associated  overexpression  of  AChE-R  may  be  a  risk  factor  in  fertility 
disturbances.  Scientists  are  examining  whether  the  observed  changes  affect  male  reproduction 
and  fertility. 

AChE-R  as  a  molecular  target  for  understanding 
and  resolving  various  aspects  of  male  infertility 

As  anticholinesterases  were  shown  to  induce  overproduction  of  AChE-R  (see  introductory 
paragraph),  our  findings  may  also  explain  the  impaired  sperm  properties  and  male  infertility 
associated  with  exposure  to  agricultural  insecticides  or  other  anticholinesterase  agents  (17,  18).  If 
so,  these  findings  further  imply  potential  modes  of  intervention,  including  blockade  of  AChE 
feedback  overexpression,  prevention  of  the  shift  in  alternative  splicing  from  AChE-S  to  AChE- 
R,  and  selective  antisense  suppression  of  AChE-R  (33).  In  the  brain,  AChE  feedback 
overexpression  was  shown  to  be  independent  of  the  hypothalamus-pituitary  axis  (7). 
Nevertheless,  the  recent  demonstration  of  a  functional  glucocorticoid  response  element  in  the 
extended  AChE  promoter  (9)  suggests  a  glucocorticoid-mediated  component  to  stress-related 
AChE  overexpression.  This  finding  could  be  examined  in  glucocorticoid-receptor  knockout  mice 
(5,  34).  AChE-R  thus  presents  a  previously  unrecognized  target  for  studying,  analyzing,  and 
treating  stress-induced  human  male  infertility. 
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Figure  1.  Repeated  forced  swim  stress  induces  testicular  AChE-R  overexpression.  A,  B)  In  situ  hybridization  was 
performed  on  sections  of  seminiferous  testicular  tubules  from  naive  and  stressed  FVB/N  mice.  Yellow  fluorescence  is  the 
product  of  alkaline  phosphatase-mediated  hydrolysis  of  ELF™  (Molecular  Probes^  Inc.)  and  indicates  sites  of  AChE-R 
mRNA  accumulation.  Note  the  intense,  dispersed  signal  in  tubules  from  stressed  mice.  C,  D)  Immu nohistochemistry  with 
antibodies  selective  for  AChE-R.  Signal  is  orange.  Note  that  in  stressed  mice,  AChE-R  protein  product  is  localized 
primarily,  but  not  exclusively,  to  the  inner  cell  layer  harboring  maturing  testicular  spermatozoa.  Schemes  present  probe 
location  for  the  hybridization  experiment  (A,  B)  and  the  antibody-targeted  domain  for  the  immunostaining  (C,  D). 
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Figure  2.  Testicular  AChE-R  overproduction  in  transgenic  mice.  A)  Presented  are  average  ±  SE  specific  AChE 
activity  (nmol  acetylthiocholine  hydrolyzed/min/mg  protein)  from  duplicate  measurements  performed  in  testicular 
homogenates  from  three  adult  male  FVB/N  (Ct)  or  AChE-R-overexpressing  transgenic  (R-Tg)  mice  (20).  Stars  note 
statistical  significance  (P<0.05,  Mann- Whitney).  B)  Testicular  homogenates  were  subjected  to  SDS-polyacrylamide  gel 
electrophoresis  and  the  resultant  blots  incubated  with  antibodies  directed  at  the  C-terminal  peptide  unique  to  AChE-R  (20) 
(R).  Shown  is  an  immunoblot  with  each  two  lanes  loaded  with  homogenates  from  individual  mice  of  the  noted  pedigree. 
Of  the  two  bands  observed,  the  top  one  (~66  Kd,  arrow)  co-migrated  with  recombinant  AChE-R  produced  in  transfected 
phaeochromocytoma  PC12  cells  (left  lane).  Recombinant  AChE-S  (S,  second  lane  from  left,  Sigma)  remained  unlabeled, 
demonstrating  selectivity  of  the  antibody.  C)  Presented  are  AChE  activities  (nmol  acetylthiocholine  hydrolyzed/min/mg. 
protein)  in  fractions  collected  following  sucrose  gradient  centrifugation  of  a  testicular  homogenate  from  an  AChE-R 
transgenic  mouse.  The  observed  sedimentation  coefficient  of  4.50-5.0S  reflects  globular  monomers  (Gl),  consistent  with 
the  AChE-R  isoform.  Arrow  notes  the  localization  of  alkaline  phosphatase  (6.  IS),  which  served  as  a  sedimentation 
marker.  One  of  two  analyses. 
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Figure  3.  AChE-R  accumulates  in  spermatocytes  of  transgenic  mice.  In  situ  hybridization  (A— B,  yellow)  and 
immunohistochemistry  (C-D,  red)  of  representative  tubules  from  naive  adult  FVB/N  or  AChE-R  transgenic  mice.  Tubuli 
of  transgenic  mice  (B)  display  high  levels  of  dispersed  AChE-R  mRNA  compared  with  controls  (A).  Restricted 
localization  of  AChE-R  protein  to  a  single  peripheral  cell  layer  was  observed  in  transgenics  (D)  but  not  in  controls  (C). 
Antibodies  toward  proliferating  cell  nuclear  antigen  (PCNA)  detected  mitotic  cells  undergoing  DNA  replication  in  the 
outermost  cell  layer  containing  spermatogonia  in  all  mice  (E).  In  contrast,  AChE-R  immunoreactivity  appeared  in  the  next 
inner  layer  harboring  meiotic  spermatocytes  only  in  transgenic  mice  (F).  White  arrows  indicate  spermatogonia;  black 
arrows,  spermatocytes.  Nuclei  were  counterstained  with  hematoxylin.  F)  Inset:  high-magnification  image  demonstrates  focal 
perinuclear  accumulation  of  AChE-R  in  spermatocytes. 
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Figure  4.  Testicular  AChE-R  overproduction  is  associated  with  impaired  sperm  properties.  Bar  graph  represents 
data  from  3-5  adult  male  FVB/N  (Ct)  or  AChE-R-overexpressing  transgenic  (Tg)  mice.  Average  +  SE  values  are  shown 
for  sperm  counts  (cells/epididymis  xlO-6),  sperm  motility  (percent  motile  of  total  sperm  cells),  and  seminal  gland  weight 
(mg/gr  body  weight).  Stars  note  statistical  significance  (P<  0.05,  Mann- Whitney). 
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Figure  5.  AChE-R  sperm-head  staining  intensifies  in  stressed  mice  and  decreases  in  transgenic  mice  and  in 
subjects  with  unexplained  infertility.  A-C)  Shown  are  representative  compound  confocal  images  of  testicular  spermatozoa 
reaching  the  central  space  within  testicular  tubules  following  immunohistochemical  staining  with  anti- AChE-R  antibodies  and 
Fast  Red.  Note  the  pronounced  labeling  in  heads  of  spermatozoa  from  mice  subjected  to  forced  swim  stress  compared  with  those 
from  both  naive  FVB/N  and  transgenic  mice.  Spermatozoa  from  transgenic  mice  were  divided  among  those  unstained  and  those 
stained  primarily  in  the  tail  region  or  in  the  head  (white  arrows;  see  text  for  details).  D)  Bar  graph  shows  percentage  of  sperm 
labeled  by  anti-AChE-R  antibodies  (average  ±  SE)  in  the  head  or  neck  regions  for  approximately  40  cells  from  each  of 
three  healthy  human  donors  (C)  and  three  male  partners  from  infertile  couples  (INF).  Star  notes  a  statistically  significant 
difference  between  controls  and  patients  (P<0.05,  Mann  Whitney).  Shown  in  the  outside  columns  are  representative 
compound  confocal  images  of  a  sperm  from  a  donor  (right)  or  infertility  patient  (left).  Note  labeling  of  the  postacrosomal 
region  of  sperm  heads  and  neck  in  control  cells  (black  arrowheads)  compared  with  limited  sperm  head  labeling  in  the 
patient  (white  arrowhead). 
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Figure  6.  Graded  increases  in  AChE-R  associated  with  its  altered  spermatogenic  localization*  Shown  is  a  schematic 
representation  of  seminiferous  tubules.  Following  stress,  AChE-R  levels  increase  in  spermatocytes  and  all  other 
spermatogenic  cells  with  the  most  marked  elevation  in  the  head  of  testicular  spermatozoa.  A  greater  or  more  persistent 
increase  in  AChE-R  expression,  represented  by  the  transgenic  model,  might  be  found  under  intense  or  prolonged  stress. 
Under  such  conditions,  spermatocytes  are  stained  while  AChE-R  is  either  excluded  from  testicular  spermatozoa  altogether 
or  is  localized  to  the  tail,  with  only  a  smaller  fraction  of  the  spermatids  displaying  head  staining.  AChE-R  overexpression 
in  spermatocytes  could  impede  spermatogenesis,  which  could  thereby  explain  reduced  sperm  counts  in  transgenic  mice. 
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Introduction 

Autism,  a  disorder  affecting  4  out  of  10,000  individuals  in  the  general  population,  is 
classified  as  a  pervasive  developmental  disorder.  It  becomes  apparent  by  the  third 
year  of  life  and  its  characteristic  impairments  persist  into  adulthood.  Whereas  the 
inheritance  of  this  disorder  does  not  follow  a  simple  Mendelian  pattern,  there  is 
compelling  evidence  for  strong  genetic  basis.  This  fact  places  autism  in  the  category 
of  complex  genetic  traits  and  predicts  difficulties  in  any  attempt  to  unravel  the  various 
genes  that  contribute  to  the  disorder,  genes  that  may  even  have  different  contributions 
in  different  populations.  Recently,  the  rising  interest  in  autism  has  spawned  quite  a 
few  multinational  efforts  aimed  at  identification  of  these  genes.  The  projects,  taking 
advantage  of  experimental  approaches  designed  for  the  study  of  complex  genetic 
traits,  succeeded  in  identifying  several  candidate  loci.  However,  none  of  these  loci 
was  identified  with  certainty.  Among  this  group  of  candidate  loci,  several  appear  to  be 
more  prominent  than  the  rest.  The  long  arm  of  chromosome  7  (7q)  is  one  of  those. 

The  main  characteristics  of  autism  are  social  and  communicative  impairments,  as  well 
as  repetitive  and  stereotyped  behaviors  and  interests.  However,  there  are  also  reports 
of  stress  response-like  behavior  in  autistic  children.  Such  reports  strongly  suggest  that 
autism  is  associated  with  inherited  impairments  in  stress  responses.  However,  this 
association  has  yet  to  be  confirmed.  An  interesting  link  that  relates  impairments  in 
stress  responses  to  autism  is  found  in  the  chromosome  7  gen q  ACHE,  which  encodes 
the  enzyme  acetylcholinesterase  (AChE).  The  expression  of  this  gene  is  robustly  and 
persistently  up-regulated  under  stress  and  was  recently  found  to  be  affected  by  a  novel 
mutation  in  the  gene’s  extended  promoter. 

This  chapter  will  describe  the  recent  advances  in  the  identification  of  genes  or  gene 
loci  that  contribute  to  the  autistic  phenotype,  concentrating  on  what  appears  to  be  one 
of  the  best  candidate  loci,  7q.  It  will  further  describe  the  reports  that  suggest  an 
association  between  autism  and  impairments  in  stress  responses  and  will  elaborate  on 
putative  molecular  mechanism(s)  that  underlie  stress  responses  in  conjunction  with 
autism.  Finally,  to  follow  the  suggested  link  that  connects  autism  with  stress,  through 
the  candidate  locus  7q,  we  present  in  this  chapter  the  results  of  a  survey,  which 
determined  the  frequency  of  the  A  CHE  up-stream  mutation  in  affected  and  non- 
affected  American  families.  These  results  show  an  extremely  low  incidence  of  this 
mutation,  failing  to  confirm  its  association  with  autism  in  American  families. 
Nonetheless,  the  results  do  not  rule  out  a  role  for  this  polymorphism  in  the  etiology  of 
autism  in  the  Israeli  population  where  the  mutation  is  present  in  a  higher  frequency. 
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* 


Autism  as  a  complex  trait,  candidate  loci  and  genes 

Multigenic  diseases  differ  from  monogenic  ones  in  that  their  occurrence  cannot  be 
linked  to  one  specific  gene,  but  is,  rather,  affected  by  changes  in  several  genes.  They 
include  some  of  modem  medicine’s  chief  concerns,  such  as  risk  of  cardiac  failure, 
diabetes  mellitus  and  a  plethora  of  neurologic  disorders.  Among  these,  autism  is  an 
intriguing  disorder  both  from  the  aspect  of  its  behavioral  symptoms,  the  scope  of 
which  is  difficult  to  define,  and  due  to  its  complex  etiology.  The  frequency  of  autism 
is  4  in  10,000  for  the  classically  defined  syndrome  (with  males  affected  4  times  more 
frequently  than  females  (Smalley,  Asarnow,  &  Spence,  1988)).  Inclusion  of  the 
related  Pervasive  Development  Disorders,  Not  Otherwise  Specified  (PDD-NOS)  and 
Asperger  syndrome  increases  this  incidence  to  16  in  10,000  (Rodier,  2000). 

It  was  previously  believed  that  drugs  such  as  the  teratogens  thalidomide  and  valproic 
acid  may  be  risk  factors  for  autism  (Rodier,  Ingram,  Tisdale,  Nelson,  &  Romano, 
1996).  Although  a  certain  contribution  of  such  environmental  factors  may  exist,  it  is 
now  known  that  the  main  factors  for  the  disorder  are  genetic  (Folstein  &  Rutter, 
1977).  The  strongest  evidence  for  the  contribution  of  inherited  factors  to  autism 
comes  from  studies  on  twins  (Bailey  et  al.,  1995;  Folstein  &  Rutter,  1977; 
Steffenburg  et  al.,  1989;  Wahlstrom,  Steffenburg,  Hellgren,  &  Gillberg,  1989).  These 
studies  showed  a  much  higher  concordance  rate  (the  chance  that  a  child  will  be 
diagnosed  as  autistic  when  his  twin  has  already  been  confirmed  as  autistic)  in 
monozygotic  (MZ,  identical)  twin  pairs  compared  to  dizygotic  pairs  (DZ).  The 
concordance  rates  found  in  the  largest  of  these  studies  (Bailey  et  al.,  1995)  were  60% 
in  MZ  pairs  compared  to  0%  in  DZ  pairs.  This  enabled  calculation  of  the  heritability 
of  autism,  which  was  found  to  be  greater  than  90%.  Moreover,  in  many  of  the  twin 
pairs  showing  a  discordance,  the  non-autistic  co-twins  presented  language 
impariments  in  chilhood  and  social  deficits  that  persisted  into  adulthood  (Le  Couteur 
et  al.,  1996).  This  supports  the  understanding  of  autism  as  a  multigenic  and 
multifactorial  disease  with  a  large  array  of  partially-overlapping  symptoms 
representing  disorders  with  similar  physiological  bases.  Such  similar  disorders  can  be 
pooled  into  a  related  diagnostic  group  of  PDD-NOS.  That  the  concordance  rate  in  MZ 
twin  pairs  does  not  reach  the  1 00%  expected  for  a  pure  genetic  disorder  implies  that 
autism,  as  many  other  multifactorial  diseases,  is  also  affected  by  environmental 
factors  that  are  associated  with  life  history.  Individual  responses  to  life  history, 
however,  are  also  affected  by  the  genetic  make-up  of  the  individual.  The  assumption 
is  that  individuals  with  genetic  susceptibility  to  adverse  responses  to  certain  life 
events  (e.g.  a  traumatic  experience)  are  more  likely  to  develop  autism  than  others  who 
are  similarly  exposed,  yet  do  not  have  the  inherited  susceptibility.  One  of  the  twin 
studies  (Steffenburg  et  al.,  1989)  reported  that  in  most  of  the  twin  pairs  discordant  for 
autism,  the  autistic  twin  had  more  perinatal  stress.  This  possible  link  of  autism  with 
stress  will  be  further  discussed  below. 

With  the  genetic  basis  of  autism  well  established,  the  next  and  more  challenging  goal 
is  to  identify  the  genes  linked  to  it.  So  far,  no  clear-cut  linkage  has  been  found 
between  any  particular  gene  or  genetic  locus  and  autism.  This  may  be  attributed  to 
misdiagnosis  of  individuals,  but  probably  also  stems  from  the  genetic  heterogeneity  of 
autism,  with  affecting  genes  varying  in  their  contribution  within  different  populations. 
It  is  believed  that  more  than  14  loci  may  be  associated  with  autism  (Risch  et  al., 
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1999).  Table  1  presents  a  summary  of  the  current  candidate  loci  and  genes,  most  of 
which  were  determined  in  recent  genome-wide  screens.  Whereas  the  majority  of  these 
chromosomes  are  implicated  in  autism  based  on  a  single  identification,  a  few  loci 
came  up  more  than  once  and  are  therefore  considered  more  seriously  as  containing 
genes  that  contribute  significantly  to  the  etiology  of  autism.  Among  these,  the  most 
prominent  locus  is  7q,  with  most  of  the  markers  pointing  to  the  q32-q35  region  but 
with  some  cytogenetical  evidence  suggesting  q21-q22  as  well  (Ashley -Koch  et  al., 
1999).  Another  locus  that  appears  to  be  a  serious  candidate  for  harboring  relevant 
genes  based  on  cytological  studies,  is  15ql  l-ql3  (for  example,  see  Cook  et  al.,  1997). 
However,  this  locus  is  not  favored  by  results  of  the  genetic  screens.  The  reason  for 
this  may  be  the  sampling  of  individuals  for  the  genetic  screens,  which  excludes  those 
carrying  chromosomal  abnormalities. 

[Table  1  about  here] 

Before  further  focusing  on  chromosome  7,  a  few  of  the  candidate  genes  believed  to 
contribute  to  the  etiology  of  autism  are  worth  mentioning.  Most  of  the  proposed 
candidate  genes  are  believed  to  be  causally  involved  in  autism  based  on  their  known 
contribution  to  neuronal  activity  or  development,  combined  with  linkage  analysis  of 
their  chromosomal  locations.  In  certain  cases,  such  as  with  the  serotonin  transporter 
(HTT),  the  gene  was  proposed  as  a  candidate  based  on  a  phenotypic  abnormality,  the 
high  serotonin  levels  shown  by  autistic  individuals  (Cook  et  al.,  1997),  a  suggestion 
that  was  re-enforced  by  genetic  association  studies  (Klauck,  Poustka,  Benner,  Lesch, 
&  Poustka,  1997).  Similarly,  the  neurofibromatosis  type  1  gene  (NF1;  Mbarek  et  al., 
1999)  was  found  to  be  over-expressed  in  autistic  patients.  NF1  is  known  to  regulate 
the  activity  of  Ras  proteins,  of  which  one  shows  an  association  with  autism  (Comings, 
Wu,  Chiu,  Muhleman,  &  Sverd,  1996).  A  different  case  involved  the  g-aminobutyric 
acid  receptor  |33-subunit  gene  (GABRB3;  Cook  et  al.,  1998).  This  receptor  is 
activated  by  GABA,  the  principal  inhibitory  neurotranmitter  in  the  brain.  Its 
importance  in  control  of  brain  excitability,  as  well  as  its  developmentally  regulated 
expression,  indicated  possible  involvement  in  the  autistic  phenotype. 

So  far,  however,  genetic  screens  have  failed  to  unequivocally  verify  the  association  of 
these  genes.  In  most  cases,  new  allelic  markers  were  identified  in  the  gene  regions, 
but  not  in  the  same  position  as  the  preliminarily  associated  markers  (Martin  et  al., 
2000;  Risch  et  al.,  1999).  The  next  2  sections  will  point  up  the  stress-related 
symptoms  of  autism  that  have  been  somewhat  neglected  in  recent  years,  and  which 
may  suggest  new  candidate  genes  based  on  their  invovlement  in  such  symptoms. 

Is  autism  associated  with  inherited  impairments  in  stress  responses? 

Once  a  genetic  basis  of  autism  was  established,  environmental  factors,  which  had 
previously  been  the  focus  of  attention,  were  pushed  aside.  However,  we  now  believe 
that  there  is  reason  to  consider  an  interaction  of  genetic  and  environmental  factors. 
The  correlation  of  autism  with  inherited  susceptibility  to  extreme  stress  responses  has 
been  discussed  extensively,  so  far  without  resolution.  Several  observations  suggest 
such  correlation.  First,  autistic  patients  show  an  exaggerated  response  to  external 
stimuli  that  are  not  stressful  in  healthy  individuals  (Bergman  &  Escalona,  1949;  Hutt, 
Hutt,  Lee,  &  Ounsted,  1964),  perhaps  suggesting  inherited  differences  in  their  levels 
of  perceived  stress;  second,  such  an  exaggerated  response  to  external  stimuli  may 
indicate  an  inherited  tendency  to  impaired  control  over  stress  responses  (Hutt,  Hutt, 
Lee,  &  Ounsted,  1965);  and  third,  the  long-lasting  nature  of  their  repetitive  behavior 
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phenotype  hints  at  inherited  difficulties  in  termination  of  stress  responses.  Similarly, 
the  impairments  in  socio-emotional  reciprocity  that  are  characteristic  of  autism  (Wing 
&  Gould,  1979),  the  communication  impairments  and  anxiety  (Muris,  Steememan, 
Merckelbach,  Holdrinet,  &  Meesters,  1998),  the  susceptibility  to  epileptic  seizures 
(Giovanardi  Rossi,  Posar,  &  Parmeggiani,  2000)  and  the  restricted  repertoire  of 
activities  and  interests  (Wing  &  Gould,  1979)  may  all  be  associated  with  inherited 
defects  in  the  intricate  processes  that  control  human  responses  to  stress.  In  addition, 
autism  is  associated  with  a  mild,  but  reproducible  and  apparently  specific  elevation  in 
the  stress-related  hormones  B-endorphin  and  ACTH  (Tordjman  et  al.,  1997)  (Fig.  1). 
All  this  calls  for  investigating  those  nervous  system  pathways  and  the  corresponding 
genes  that  contribute  to  stress  responses.  One  such  pathway  involves  cholinergic 
neurotransmi  ssion . 

[Figure  1  about  here] 

Neurons  communicating  by  the  neurotransmitter  acetylcholine  (ACh)  are  tightly 
involved  in  mammalian  stress  responses.  Hyperexcitation  of  cholinergic 
neurotransmission  has  been  reported  under  stress  (Kaufer  &  Soreq,  1999);  persistent 
changes  were  observed  in  the  expression  patterns  of  the  key  genes  that  encode  the 
ACh-synthesizing  enzyme  choline  acetyl  transferase,  the  packaging  protein  vesicular 
ACh  transporter  and  the  ACh-hydrolyzing  enzyme  AChE  (Kaufer,  Friedman, 
Seidman,  &  Soreq,  1998),  all  of  which  lead  to  a  decrease  in  cholinergic 
hyperexcitation  and  to  re-establishment  of  normal  neurotransmission.  These  stress- 
induced  changes  take  place  primarily  in  the  hippocampus,  which  has  been  reported  to 
develop  abnormally  in  autistic  individuals  (Piven,  1997).  The  change  in  AChE 
expression,  its  increase  under  stress  conditions,  is  mimicked  in  AChE-over-producing 
transgenic  mice.  These  mice  display  progressive  stress-related  pathologies,  including 
high  density  of  curled  neuronal  processes  in  the  somatosensory  cortex,  accumulation 
of  clustered  heat  shock  protein  70-immunopositive  neuronal  fragments  in  the 
hippocampus,  and  a  high  incidence  of  reactive  astrocytes  (Stemfeld  et  al.,  2000). 
They  also  present  progressive  impairments  in  learning,  memory  and  social  behavior 
(Beeri  et  al.,  1995;  Beeri  et  al.,  1997;  Cohen,  O.  et  al,  personal  communication),  and 
appear  extremely  sensitive  to  head  injury  (Shohami  et  al.,  2000)  and  AChE  inhibitors 
(Shapira  et  al.,  2000b).  Moreover,  stress  was  shown  to  increase  the  blood-brain 
barrier  permeability  (Friedman  et  al.,  1996),  thereby  allowing  potentially  harmful 
xenobiotics  to  enter  the  brain.  A  subset  of  such  xenobiotics,  the  AChE  inhibitors,  are 
commonly  used  in  agriculture  and  in  the  household  as  insecticides.  Upon  entering  the 
brain,  AChE  inhibitors  may  cause  the  above-mentioned  long-lasting  increase  in  AChE 
expression;  and  persistent  excess  of  this  protein  may  lead  to  neuropathological 
changes  and  to  impairment  of  cognitive  and  social  skills  such  as  those  observed  in  the 
transgenic  mice.  Altogether,  these  data  suggest  that  individuals  with  an  inherited 
susceptibility  to  adverse  stress  responses,  itself  probably  a  complex  trait,  will  present 
exaggerated  AChE  expression.  Similarly,  individuals  with  an  inherited  abnormal 
AChE  expression  may  develop  a  susceptibility  to  adverse  stress  responses.  The 
autism-associated  symptoms,  which  appear  to  indicate  increased  stress  responses, 
may  point  to  the  ACHE  gene  and  its  transcriptional  control  as  promising  ground  in 
which  to  explore  for  correlations  with  the  autistic  phenotype. 

Consider  (a)  that  in  everyone,  there  is  a  toll  in  brain  neuropathologies  to  be  paid  for 
the  daily  load  of  stress,  and  in  experimental  animals  the  appearance  of  these 
pathologies  seems  to  exacerbated  under  AChE  over-expression  (Stemfeld  et  al., 
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2000);  (b)  this  toll  may  be  magnified  in  individuals  with  an  inherited  predisposition  to 
exaggerated  responses  to  stress  and  to  anti-AChE  agents,  as  in  some  cases 
hypersensitivity  to  anti-AChEs  was  discovered  to  be  associated  with  a  genomic 
variation  that  induces  constitutive  over-expression  of  AChE  (Shapira  et  al.,  2000b); 
and  (c)  an  additional  factor  may  be  a  previous  exposure  to  AChE  inhibitors,  which 
under  stress  can  cross  the  blood-brain  barrier  (Friedman  et  al.,  1996)  and  induce 
progressive  damage  to  glia  and  neurons.  Each  of  these  effects,  and  especially  the  sum 
of  them,  may  facilitate  the  developmental  impairments  characteristic  of  autism. 

Chromosome  7  and  autism 

The  long  arm  of  chromosome  7  was  marked  as  a  locus  of  genes  which  contribute  to 
autism  in  all  of  the  full  genome  screens  performed  so  far  (IMGSAC,  1998;  Barrett  et 
al.,  1999;  Philippe  et  al.,  1999;  Risch  et  al.,  1999)  and  in  a  few  more  restricted 
screens,  e.g.  by  Ashley-Koch  et  al.  (1999).  While  the  linked  loci  extend  from  bands 
q32  to  q35,  several  genes  located  outside  of  this  region  may  be  equally  important. 
This  assumption  is  based  on  identified  mapping  inaccuracies  and  ambiguities  (Elauser, 
Boehnke,  Guo,  &  Risch,  1996),  on  the  assumption  that  certain  genetic  aberrations 
may  involve  not  only  the  genetically-linked  region  but  also  neighboring  genes  and  on 
potentially  relevant  functions  of  the  respective  gene  products,  which  make  them 
appropriate  candidates  for  association  with  different  aspects  of  the  autistic  phenotype. 
One  such  candidate  gene,  SPCH1,  which  fulfills  all  3  criteria,  was  proposed  recently. 
Mapped  to  7q31,  SPCH1  is  associated  with  a  severe  speech  and  language  disorder 
(Fisher,  Vargha-Khadem,  Watkins,  Monaco,  &  Pembrey,  1998)  and  thus  may  be 
responsible  for  the  language  difficulties  observed  in  autistic  children.  A  family  with 
three  affected  children,  two  with  autism  and  one  with  a  language  disorder,  was 
recently  investigated  (Ashley-Koch  et  al.,  1999).  Affected  members  of  this  family 
were  found  to  carry  an  inversion  spanning  bands  7q21  to  7q34.  Further  screening  of 
additional  families  for  markers  located  in  the  inversion  region  pointed  to  part  of  this 
inversion  region  being  associated  with  25-40%  of  autism  cases  (Ashley-Koch  et  al., 
1999).  However,  with  the  set  of  chromosome  7  markers  included  in  that  screen,  the 
SPCH1  gene  itself  was  not  linked  to  this  syndrome. 

We  have  recently  examined  the  possible  involvement  of  aberrant  regulation  of 
another  chromosome  7  gene,  ACHE,  located  close  to  SPCH1,  in  the  susceptibility  to 
development  of  the  autistic  phenotype.  Mapped  to  7q22,  ACHE  encodes  the  enzyme 
AChE  which  is  responsible  for  hydrolyzing  the  neurotransmitter  ACh  and  thus  for 
terminating  neurotransmission  across  cholinergic  synapses  (Massoulie  et  al.,  1998).  In 
addition,  ACHE  is  involved  in  plasticity  responses  in  many  more  tissues  through  non- 
catalytic  activities  (reviewed  in  Grisaru,  Stemfeld,  Eldor,  Glick,  &  Soreq,  1999).  Yet 
more  importantly,  over-production  of  AChE  was  reported  under  acute  psychological 
stress  (Kaufer  et  al.,  1998).  The  proximity  of  the  ACHE  gene  to  the  autism  related 
7q32-35  region,  its  inclusion  in  the  inversion  region  found  in  the  autism  family 
(reported  in  Ashley-Koch  et  al.,  1999)  and  its  association  with  stress  responses  all 
make  it  a  plausible  candidate.  In  addition,  ACHE  is  expressed  in  early  stages  of  brain 
development,  long  before  the  formation  of  functioning  synapses  (Layer,  1995),  which 
implies  that  its  aberrant  regulation  can  contribute  to  the  developmental  defects  that 
are  associated  with  autism.  In  addition,  it  should  be  noted  that  stress-induced  over¬ 
expression  of  7q22  genes  is  not  limited  to  ACHE ;  at  least  one  additional  gene,  ARS 
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which  is  associated  with  arsenite  resistance,  and  possibly  others  at  this  locus,  also 
appear  to  be  over-expressed  (Shapira,  Grant,  Komer,  &  Soreq,  2000a). 


Although  total  blockade  of  ACh  hydrolysis  is  incompatible  with  life,  polymorphisms 
that  modulate  the  transcriptional  control  of  AChE  may  cause  a  milder  effect,  which  is 
manifested  as  an  inherited  susceptibility  to  changes  in  cholinergic  neurotransmission. 
Following  a  search  for  such  polymorphisms  (Shapira  et  al.,  2000b),  we  have  recently 
identified  a  4-base  pair  deletion  that  disrupts  one  of  two  binding  sites  for  the 
transcription  factor  HNF3B  (Kaestner,  Hiemisch,  Luckow,  &  Schutz,  1994;  Qian, 
Samadani,  Porcella,  &  Costa,  1995).  This  deletion  is  located  in  a  distal  enhancer 
domain,  1 7  Kb  up-stream  from  the  transcription  start  site  of  ACF1E,  a  region  dense 
with  binding  motifs  for  other  factors,  including  glucocorticoid  hormones  (Shapira  et 
al.,  2000b)  (Fig.  2).  This  ACHE  promoter  deletion  induces  constitutive  AChE  over¬ 
production,  which  in  turn  causes  an  impaired  capacity  for  up-regulating  AChE 
production  under  chemical  stress  insults  and  results  in  hypersensitivity  to  such  insults. 
Because  of  the  molecular  mechanisms  common  to  chemical  and  psychological  stress 
responses,  i.e.  elevated  expression  of  stress-associated  transcription  factors  such  as 
API  or  HNF3,  of  AChE  (Kaufer  &  Soreq,  1999)  and  of  heat  shock  proteins  (Stemfeld 
et  al.,  2000),  we  suspect  that  carriers  of  this  promoter  polymorphism  are  also 
hypersensitive  to  psychological  stressors.  An  extension  of  this  concept  implies  that 
autism  and  susceptibility  to  stressors  share  common  molecular  abnormalities.  It  may 
also  be  that  a  primary  stress  event  would  induce  an  acquired  susceptibility  to 
exaggerated  responses  to  subsequent  stress.  Under  a  certain  genetic  make-up,  the  risk 
of  developing  the  full  autistic  phenotype  may  also  increase.  To  examine  one  of  the 
molecular  markers  associated  with  such  susceptibility,  we  determined  the  incidence  of 
the  transcriptionally  activating  deletion  in  the  ACHE  promoter  in  US  families  with 
affected  children  as  compared  with  screened  healthy  individuals  from  Israel  and  the 
USA. 

[Figure  2  about  here] 

In  the  examined  Israeli  population,  the  tested  deletion  displayed  an  allele  frequency  of 
0.012  and  was  strongly  linked  to  the  biochemically  neutral  H322N  point  mutation  in 
the  AChE  coding  sequence.  The  H322N  mutation,  responsible  for  the  rare  Ytb  blood 
group,  is  considerably  more  frequent  in  Middle  Eastern  populations  (Ehrlich  et  al., 
1994),  much  more  than  in  the  USA  (Giles,  Metaxas-Buhler,  Romanski,  &  Metaxas, 
1967).  Therefore,  we  predicted  that  the  ACHE  promoter  polymorphism  would  occur 
less  frequently  in  the  US  population,  regardless  of  the  autistic  status.  This  was, 
indeed,  found  to  be  the  case,  with  8  heterozygous  carriers  out  of  333  screened  Israelis 
(2.4%  incidence)  but  only  5  carriers  in  816  US  individuals  (0.6%)  (Table  2).  The  low 
incidence  of  this  polymorphism  further  complicated  the  data  analysis,  as  it  was  found 
in  3  out  of  616  normal  US  individuals  (0.5%)  as  compared  with  2  out  of  190  affected 
ones  (1 .0%).  We  conclude  that  if  indeed  this  specific  polymorphism  is  involved  in  the 
susceptibility  to  extreme  stress  responses  in  the  US  survey  of  autistic  patients,  its 
effect  is  minimal. 

[Table  2  about  here] 


Prospects 

The  current  status  of  this  study  leaves  us  with  more  questions  than  answers.  Because 
of  the  rarity  of  the  analyzed  promoter  polymorphism,  we  cannot  confirm  that  it  is 
associated  with  the  autistic  phenotype  in  the  studied  families.  The  conflicting 
evidence  regarding  candidate  genes  suggests  that  the  genomic  basis  of  autism  may 
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differ  from  one  population  to  another.  This  is  highlighted  by  the  different  allelic 
frequency  of  the  ACHE  promoter  polymorphism  in  the  US  and  Israeli  populations  that 
were  screened.  In  addition,  the  wealth  of  transcription  factor  binding  motifs  in  the 
extended  ACHE  promoter  suggests  multiple  contributions  toward  its  control,  both 
under  normal  and  stress  conditions.  Therefore,  the  over-all  post-transcriptional  pattern 
of  ACHE  gene  expression  may  be  more  relevant  to  autism  than  sequence 
polymorphisms  in  particular  elements  of  its  promoter. 

We  do  believe,  however,  that  it  is  worthwhile  paying  attention  to  environmental 
factors,  such  as  stress,  that,  given  a  certain  genetic  make-up,  may  affect  the 
development  of  autism.  More  than  identifying  affecting  environmental  factors  per  se, 
this  approach  may  offer  hints  of  additional  genetic  factors,  that  indirectly  contribute  to 
the  etiology  of  autism  by  processing  environmental  influences. 
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Table  1.  Candidate  genes  and  genetic  loci  associated  with  autism3 


chromosomal  locusb 

candidate  genes0 

reference 

1 p( 1 3) 

Risch  et  al.,  1999 

2q(24-31) 

IMGSAC,  1998;  Philippe  et  al.,  1999 

4q(34-35) 

Philippe  et  al.,  1999 

5p 

Philippe  et  al.,  1999 

6q  (16) 

MACS,  GRIK6,  GPR6 

Philippe  et  al.,  1999 

7q(3 1  -35,  21  -22)d 

GPR37,  dSPCHl, 
PTPRZ1,  EPHB6, 
ACHRM1,  PTN, 

N  EDD2/ICH 1  /C  ASP2, 
GRM8 

IMGSAC,  1998;  Barrett  et  al.,  1999; 
Philippe  et  al.,  1999;  Risch  et  al.,  1999 

10q(26) 

Philippe  et  al.,  1999 

1 3q(2 1 -32) 

Risch  et  al.,  1999 

1 5q 1 1 -ql 3 

GABRB3,  UBE3A 

Cook  et  al.,  1998);  Martin  et  al.,  2000 
but  see  Barrett  et  al.,  1999;  Risch  et 
al.,  1999 

1 6p( 1 2-13) 

IMGSAC,  1998;  Philippe  et  al.,  1999 

1 7q  1 1 . 1  -q  1 2 

HTT,  NF1 

Cook  et  al.,  1997;  Mbarek  et  al.,  1999 

17p 

HOX1  Ae 

Risch  et  al.,  1999 

18q(22) 

Philippe  et  al.,  1999 

1 9p(  13) 

IMGSAC,  1998;  Philippe  et  al.,  1999 

Xp(2 1  -22) 

Philippe  et  al.,  1999 

aCompiled  mostly  from  4  full-genome  screens  performed  in  the  past  2  years  (IMGSAC, 
1998;  Barrett  et  al.,  1999;  Philippe  et  al.,  1999;  Risch  et  al.,  1999). 
b Whenever  available,  the  exact  location  of  the  linked  region  is  designated.  When  no  exact 
location  has  been  suggested  the  position  of  the  markers  used  for  the  genetic  screening 
was  added  (in  brackets). 
cWhenever  proposed  in  the  cited  papers. 
dSee  Ashley-Koch  et  al.  (1999). 

°See  Rodier  (2000). 
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Table  2.  Screening  autism  families  for  A4  ACHE  promoter  polymorphism 


US 

autism  families 

US 

Individuals  carriers 

Israeli 

Individuals  carriers 

total 

Individuals  carriers 

singleton3 

103 

normal 

616 

3° 

333 

8 

949 

11 

multiplexb 

82 

affected 

190 

2d 

- 

190 

2 

unconfirmed 

multiplex 

18 

unclear 

status 

18 

- 

18 

“ 

total 

203 

816 

5 

333 

8 

949 

13 

“Nuclear  families  with  an  affected  child. 
bFamilies  with  at  least  two  affecteds,  usually  sibs. 
cOf  two  families,  one  female,  one  male  and  his  grandson. 
dTwo  affected  males. 


■  autism 


^-endorphin  ACTH  cortisol 

pg/ml  pg/ml  ng/ml 


Figure  legends 

Figure  1.  Plasma  stress  hormones 
in  autism.  Shown  in  columns  are 
results  taken  from  Tordjman  et  al. 
(1997)  of  data  from  autistic  patients 
(n=46-48),  patients  with  mental 
retardation  or  other  cognitive 
impairments  (n=15-16)  and  normal 
subjects  (n=23-26).  Statistics  was 
performed  on  log-transformed  data, 
as  described  in  the  reference. 


1000  bp 

A  A 


pFigure  2.  ACHE 
polymorphisms 

Shown  is  a  drawn-to- 
scale  scheme  of  the 
ACHE  locus  with  all 
known  polymorphisms 
depicted.  Exons  are 
depicted  as  numbered 
filled  boxes,  introns  as 
numbered  open  boxes 
and  mutations  as 
wedges.  A  solid  line 
connecting  mutations  indicates  complete  linkage  between  the  variants.  A  broken  line 
represents  strong  incomplete  linkage.  Mutation  frequencies  are  taken  from  Ehrlich  et 
al.  (1994)  for  the  coding  region  mutations  (open  wedges). 


H322N 

P446 

CAC-^AAC 

CCC-HXT 

0.05(0.1-0.2) 
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Abstract 

Division  of  labor  in  honey  bee  colonies  is  highlighted  by  adult  bees  making  a  transition  at  2-3 
weeks  of  age  from  working  in  the  hive  to  foraging  for  nectar  and  pollen  outside.  This 
behavioral  development  involves  acquisition  of  new  tasks  that  may  require  advanced  learning 
capabilities.  Because  acetylcholinesterase  (AChE)  hydrolyzes  acetylcholine,  a  major 
neurotransmitter  associated  with  learning  in  the  insect  brain,  we  searched  for  changes  in  AChE 
expression  in  the  brain  during  bee  behavioral  development.  Biochemical  aspects  of  the  AChE 
protein  were  similar  in  foragers  and  “nurse”  bees  that  work  in  the  hive  tending  brood. 
However,  catalytic  AChE  activity  was  significantly  lower  in  foragers.  Cloning  of  bee  AChE 
cDNA  enabled  mRNA  analysis,  which  demonstrated  that  the  forager-related  decrease  in  AChE 
activity  was  associated  with  decreased  AChE  mRNA  levels.  This  was  particularly  apparent  in 
the  mushroom  bodies,  a  brain  region  known  to  be  involved  with  olfactory  and  visual  learning 
and  memory.  In  addition,  treatment  with  the  AChE-inhibitor  metrifonate  improved  performance 
in  an  olfactory  learning  assay.  These  findings  demonstrate  long-term,  naturally  occurring 
developmental  down-regulation  of  AChE  gene  expression  in  the  bee  brain,  and  suggest  that  this 
genomic  plasticity  can  contribute  to  facilitated  learning  capabilities  in  forager  bees. 


Index  entries:  Honey  bee,  acetylcholinesterase,  expression,  behavioral  development 

Introduction 

The  European  honey  bee,  Apis  melifera,  is  one  of  the  best-studied  social  insects.  Its  relatively 
rich  but  stereotyped  behavioral  repertoire  can  be  studied  and  manipulated  under  natural 
conditions  (e.g.  Schulz  and  Robinson,  1999;  Wagener-Hulme  et  al.,  1999),  thus  making  it  a 
useful  and  convenient  model  for  studying  neurochemical  aspects  of  behavioral  development. 
Because  some  processes  underlying  behavioral  development,  such  as  motor  control,  sensory 
input  processing,  and  learning  appear  to  share  common  molecular  components  across  insects 
and  vertebrates  (Acampora  et  al.,  1998;  Hammer  and  Menzel,  1995),  the  bee  may  also  be  a 
good  model  for  studying  molecular  underpinnings  of  behavioral  development. 

One  particularly  interesting  aspect  of  bee  behavioral  development  is  age  polyethism,  age-related 
changes  in  the  performance  of  different  tasks  associated  with  colony  growth  and  development 


(reviewed  in  (Winston,  1987)).  This  behavioral  development  gives  rise  to  an  age-related 
division  of  labor  among  adult  worker  honey  bees:  Young  “nurse”  bees  primarily  feed  and  care 
for  larvae  and  the  queen,  middle-age  bees  maintain  the  hive  and  store  food,  and  the  oldest  bees 
forage  for  nectar  and  pollen  and  defend  the  hive.  A  bee  usually  begins  to  forage  at  about  21 
days  of  age  but  this  can  be  delayed  or  accelerated  by  a  variety  of  environmental  and  intrinsic 
factors  (reviewed  in  Robinson,  1992),  including  colony  age  demography  (Huang  and 
Robinson,  1992),  pheromones  (Pankiw  et  al.,  1998),  endocrine  signaling  (reviewed  in 
Fahrbach  and  Robinson,  1996),  or  neuromodulators  such  as  octopamine  (Schulz  and 
Robinson,  1999;  Wagener-Hulme  et  al.,  1999).  Variation  in  the  rate  of  behavioral  development 
also  is  due  to  genetic  variation,  which  may  be  related  to  some  of  the  factors  listed  above  (Giray 
et  al.,  2000;  Giray  and  Robinson,  1994). 

The  tasks  performed  by  forager  bees  are  very  different  from  those  performed  by  hive  bees  such 
as  nurses.  Foragers  tasks  involve  flying  and  navigating  along  relatively  great  distances  and 
memorizing  the  location  of  food  sources.  These  tasks  may  require  better  modules  for  sensory 
input  processing,  as  well  as  enhanced  learning  and  memory  capabilities  (reviewed  in  Fahrbach 
and  Robinson,  1995).  There  is  only  limited  evidence  for  differences  in  the  learning 
performance  of  nurse  bees  and  foragers  (Ben-Shahar  et  al.,  2000;  Ray  and  Femeyhough, 
1999).  However,  several  studies  have  shown  that  there  are  substantial  structural  differences  in 
their  brains.  Volumetric  differences  have  been  found  in  the  antennal  lobes  (Sigg  et  al.,  1997; 
Withers  et  al.,  1993)  and  the  mushroom  bodies  (Withers  et  al.,  1993);  both  structures  are 
implicated  in  sensory  input  processing  and  learning.  The  mushroom  bodies,  in  particular,  are 
known  to  be  a  convergence  site  for  olfactory  and  visual  information  (Mobbs,  1982)  and  are 
essential  for  olfactory  learning  (de  Belle  and  Heisenberg,  1994;  Hammer  and  Menzel,  1995; 
Meller  and  Davis,  1996).  Foragers  have  a  larger  volume  of  the  neuropil  of  the  mushroom 
bodies  relative  to  younger  bees  (Durst  et  al.,  1994;  Withers  et  al.,  1993).  This  volume  increase 
is  associated  with  increased  dendritic  arborization  of  the  intrinsic  cells  of  the  mushroom  bodies, 
the  Kenyon  cells  (Farris  S.M  et  al .,  1999.  Soc  Neurosci  abstr)  rather  than  with  proliferation 
(Fahrbach  et  al.,  1995). 

Kenyon  cells  are  responsive  to  cholinergic  signaling  (Kreissl  and  Bicker,  1989).  Inhibition  of 
either  muscarinic  (Cano  Lozano  and  Gauthier,  1998;  Gauthier  et  al.,  1994)  or  nicotinic  (Lozano 
et  al.,  1996)  cholinergic  receptors  has  been  shown  to  impair  olfactory  conditioning,  thus 
implicating  cholinergic  neurotransmission  in  learning-related  phenomena  in  the  mushroom 
bodies.  A  key  cholinergic  protein  is  acetylcholinesterase  (AChE;  EC  3. 1.1. 7;  Massoulie  et  al., 
1998),  the  enzyme  responsible  for  hydrolyzing  the  neurotransmitter  acetylcholine  (ACh)  and 
thus  terminating  the  signal  at  cholinergic  synapses.  Experimentally  decreased  levels  of  AChE 
lead  to  increased  cholinergic  neurotransmission  in  vertebrates,  which  is  the  basis  for  drugs  used 
to  treat  the  symptoms  of  Alzheimer’s  disease  (Winkler  et  al.,  1998).  However,  little  is  known 
about  whether  long-term  changes  in  AChE  activity  occur  naturally  during  behavioral  maturation 
(Mesulam  and  Geula,  1991).  Given  that  the  life  of  the  forager  bee  is  more  cognitively 
challenging  than  the  life  of  a  hive  bee,  and  given  that  cholinergic  neurotransmission  may  play  a 
role  in  honey  bee  learning,  we  hypothesized  that  foragers  have  lower  AChE  brain  activity  than 
do  nurse  bees.  We  tested  this  hypothesis  by  comparing  the  expression  of  AChE  both  at  the 
protein  and  the  mRNA  levels.  We  also  began  to  explore  whether  manipulation  of  AChE  levels 
in  the  bee  brain  can  influence  performance  in  a  laboratory  learning  assay. 

Materials  and  methods 

Materials.  All  chemicals  were  purchased  from  Sigma,  St.  Louis,  MI.  We  used 
acetylthiocholine  (ATCh),  butyrylthiocholine  (BTCh),  l,5-bis(4-allyldimethyl- 
ammoniumphenyl)pentan-3 -one  dibromide  (BW284C51),  tetraisopropyl  pyrophosphoramide 
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(iso-OMPA)  and  (2,2,2-trichloro-l-hydroxy-ethyl)phosphonic  acid  dimethyl  ester 
(Metrifonate). 

Bee  colonies.  Bee  colonies  were  maintained  in  the  field  according  to  standard  commercial 
techniques  either  at  the  Tsrifin  Bee  Station  in  Israel  or  the  University  of  Illinois  Bee  Research 
Facility,  Urbana,  IL.  Bees  in  both  locations  are  a  mixture  of  European  races  of  Apis  mellifera. 
For  AChE  activity  analyses,  we  used  both  typical  colonies  (each  with  a  population  of  -40000 
workers  and  a  naturally  mated  queen)  and  single-cohort  colonies.  A  single-cohort  colony  is 
made  by  placing  a  queen,  -2000  one-day-old  (0-24-hrs  old)  bees  into  a  small  hive  box  with  one 
empty  frame  and  a  second  frame  containing  a  small  amount  of  pollen  and  nectar.  One-day-old 
bees  were  obtained  by  transferring  honeycombs  with  pupae  from  a  source  colony  to  a  33°C 
incubator.  In  the  absence  of  older  bees,  5-10%  of  the  individuals  in  a  single-cohort  colony  will 
accelerate  their  behavioral  development  and  become  precocious  foragers  by  7-10  days  of  age 
(Robinson  and  Page,  1989).  All  bees  in  each  single-cohort  colony  were  marked  with  a  spot  of 
paint  on  the  thorax;  this  was  done  to  prevent  sampling  of  bees  that  may  have  strayed  from 
another  hive.  Bees  from  other  (unrelated)  typical  colonies  were  used  for  the  other  experiments. 
Behavioral  identification.  We  collected  nurse  bees  and  foragers  of  unknown  age  from 
typical  colonies  (it  can  be  assumed  that  nurses  were  about  1-2  weeks  old  and  foragers  were 
about  3  weeks  old),  and  age-matched  nurse  bees  and  precocious  foragers  from  single-cohort 
colonies.  Nurse  bees  and  foragers  were  identified  according  to  standard  criteria  (Wagener- 
Hulme  et  al.,  1999);  nurses  were  individuals  with  their  heads  in  cells  containing  larvae  and 
foragers  were  bees  returning  to  their  hive  with  pollen  loads  (the  brightly  colored  pollen  loads 
are  very  easy  to  see).  To  facilitate  collection  of  foragers,  we  temporarily  obstructed  the  hive 
entrance  with  a  piece  of  8-mesh  hardware  cloth.  Bees  for  analysis  were  collected  with  a 
vacuum  device  directly  into  liquid  nitrogen  (Wagener-Hulme  et  ah,  1999)  so  that  measurements 
of  AChE  mRNA  and  protein  would  reflect  as  much  as  possible  the  levels  that  existed  naturally 
during  the  performance  of  the  behavior. 

Brain  dissection.  Dissections  were  performed  on  a  dish  cooled  by  dry  ice,  keeping  the 
brains  frozen  throughout  the  procedure.  Hypopharyngeal  glands  and  the  suboesophageal 
ganglion  were  removed  and  discarded. 

Brain  homogenates.  Dissected  brains  were  homogenized  either  separately  or  in  groups  of  4- 
5  in  1  %  Triton  X-100  and  10  mM  Tris-HCl  pH  7.4  (Solution  A,  50  pi, -brain)  or  in  Solution  A 
containing  1  M  NaCl  and  2  mM  EDTA. 

Cholinesterase  assays.  We  measured  activity  levels  of  both  AChE  and  the  closely  related 
enzyme  butyrylcholinesterase  (BuChE)  with  a  colorimetric  assay  that  measures  rates  of  ATCh 
or  BTCh  hydrolysis  (Loewenstein  Lichtenstein  et  ah,  1995).  The  AChE  inhibitor, 
BW284C51,  or  the  BuChE  inhibitor,  iso-OMPA,  were  both  added  at  a  concentration  of  10  pM, 
30  min  prior  to  substrate  addition.  Quantification  was  performed  on  a  Vn.ax  kinetic  microplate 
reader  (Molecular  Devices  Corp.  Manlo  Park  CA)  equipped  with  the  Softmax  program.  AChE 
activity  was  quantified  in  brains  of  nurses  and  foragers  from  5  typical  colonies  (N  =  1-15 
samples/colony,  1-10  bees/sample)  and  in  brains  of  nurses  and  precocious  foragers  from  4 
single-cohort  colonies  (N  =  5-15  samples/colony,  1-4  bees/sample). 

Nondenaturing  gel  electrophoresis.  Electrophoresis  was  performed  in  7% 
polyacrylamide  gels  and  was  followed  by  AChE  activity  staining  (Seidman  et  ah,  1995). 
Sucrose  gradient  centrifugation.  AChE  multimeric  assembly  was  examined  by 
sedimentation  in  5-20  %  sucrose  gradients,  followed  by  catalytic  AChE  activity  measurements 
(Seidman  et  ah,  1994). 

RT-PCR  with  partially  degenerate  primers.  Since  very  limited  codon  usage  information 
is  available  for  the  honey  bee,  we  used  data  from  the  Drosophila  melanogaster  codon  frequency 
table  (as  found  in  the  University  of  Wisconsin  GCG  software  package)  to  design  partially 
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degenerate,  21-  or  24-mer  primers,  for  2  highly  conserved  regions  of  AChE,  SEDCLYLN/D 
and  RVGT/AFGF.  RT-PCR  was  performed  as  described  (Grisaru  et  al.,  1999a)  with  PCR 
annealing  temperature  of  48°C.  PCR  products  separated  on  agarose  gels  were  extracted  using 
the  Boehringer  Mannheim  (Germany)  gel  extraction  kit.  Subcloning  was  done  with  the  TA 
cloning  kit  (Invitrogen,  Carlsbad,  CA)  and  sequences  determined  for  several  clones  using 
vector-derived  primers  and  an  ABI377  automated  sequencer. 

Rapid  Amplification  of  cDNA  Edges  (RACE).  Primers  designed  according  to  a  PCR- 
amplified  fragment  with  high  sequence  similarity  to  other  AChEs  were  used  together  with  the 
573’  RACE  kit  (Boehringer  Mannheim),  to  amplify  the  5'-terminus  of  the  AmAChE  mRNA. 
This  was  achieved  using  the  21-mer  791(-)  specific  primer  (numbered  as  in  the  AmAChE 
cDNA  sequence,  Genebank  accession  number  AF2 13012)  for  reverse  transcription  and  a  nested 
20-mer  reverse  primer,  768(-),  for  PCR  amplification  using  the  Expand  High  Fidelity  PCR 
system  (Boehringer  Mannheim).  For  the  3 ’-terminus,  a  bee  cDNA  library  (Uni-ZAP™  XR 
library;  Stratagene,  La  Jolla,  CA)  served  as  a  template  for  PCR  amplification  with  a  specific  24- 
mer  forward  primer,  646(+),  and  the  T7  primer  (using  the  Expand  High  Fidelity  PCR  system). 
Both  5’-  and  3 ’-termini  were  subcloned  as  described  above. 

In  situ  hybridization  (ISH).  High  resolution  non-radioactive  ISH  was  performed  as 
previously  described  (Grifman  et  al.,  1998).  Since  insect  brains  contain  high  levels  of 
endogenous  biotin  (Ziegler  et  al.,  1995),  sections  were  pre-treated  for  1  h  at  room  temperature 
with  10  pg/ml  streptavidin  (Amersham  Life  Sciences  Products,  Little  Chalfont, 
Buckinghamshire,  England)  prior  to  pre-hybridization.  Briefly,  7-pm  thick  paraffin-embedded 
brain  sections  were  hybridized  with  the  680(-)  50-mer,  5 ’-biotinylated,  2’-o-methylated  cRNA 
probe  specific  for  AmAChE  mRNA.  Following  incubation  with  a  streptavidin-alkaline 
phosphatase  (AP)  conjugate  (Amersham  Life  Sciences  Products,  Piscataway,  NJ),  transcripts 
were  detected  using  either  the  ELF  fluorogenic  AP  substrate  (Molecular  Probes  Inc.,  Eugene, 
OR)  and  a  fluorescent  Zeiss  Axioplan  microscope  or  the  Fast  Red  AP  substrate  (Boehringer- 
Mannheim)  and  an  inverted  Olympus  microscope  equipped  with  an  MRC-1024  Bio-Rad 
confocal  attachment  (Hemel  Hempsted  Herts.,  UK).  Fast  Red  precipitate  was  excited  at  488 
nm  and  emission  was  measured  with  a  580df32  filter.  Sections  were  scanned  every  0.54  u m 
and  3D  projections  were  created  from  all  scans,  both  for  Fast  Red  and  for  autofluorescent 
signals.  Signal  density,  representing  AChE  mRNA  levels,  was  measured  in  regions  of  the 
mushroom  bodies  containing  Kenyon  cell  bodies  using  the  Image-Pro  3.0  software  (Media 
Cybernetics,  Silver  Spring,  MD).  Final  signal  values  were  obtained  by  subtracting 
autofluorescent  signal  from  Fast  Red  signal  values.  ISH  was  performed  on  brains  from  nurses 
and  foragers  taken  from  a  typical  colony  unrelated  to  those  used  above. 

In  vivo  AChE  inhibition  and  olfactory  conditioning  test.  Forager  bees  were  injected 
in  the  abdomen  with  1  pi,  2  mg/ml  of  the  organophosphate  AChE  inhibitor  metrifonate  (Oh  et 
al.,  1999;  Scab  et  al.,  1997)  in  bee  saline  (Huang  et  al.,  1991),  or  with  saline  alone.  We  used  a 
well-established  associative  learning  paradigm  (Menzel  et  al.,  1974;  Fig.4,  Top)  to  evaluate  the 
effect  of  AChE  inhibition  on  such  abilities.  Learning  trials  began  45  min  after  each  bee  was 
injected,  an  interval  which  eliminates  obvious  injection  effects  (Robinson  et  al.,  1999).  Each 
bee  was  exposed  to  the  odor  (geraniol)  4  times  with  an  inter-exposure  interval  of  20  min.  Odor 
exposure  was  coupled  with  a  reward  of  0.5  M  sucrose  which  is  the  unconditioned  stimulus  that 
elicits  the  unconditioned  response,  the  proboscis  extension  reflex  (PER).  A  positive  response 
was  a  complete  extension  of  the  proboscis  that  was  observed  during  odor  presentation  but 
before  reward  presentation.  Four  trials  of  this  experiment  were  performed  (37-94 
bees/group/trial;  216  metrifonate-injected  and  233  saline-injected  bees  total).  We  used  bees 
from  two  different,  unrelated,  colonies  (two  colonies  were  each  used  in  two  trials).  ANOVA 
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(SAS)  revealed  no  significant  differences  between  trials,  so  data  were  pooled  for  the  analysis 
presented  below. 

Results 

Acetylcholinesterase  from  the  brains  of  nurses  and  foragers  is  biochemically 
similar.  Acetylthiocholine  (ATCh)  hydrolysis,  reflecting  AChE  activity,  was  found  to  be  20- 
fold  higher  in  brain  homogenates  than  butyrylthiocholine  (BTCh)  hydrolysis,  reflecting  activity 
of  the  closely  related  enzyme  butyrylcholinesterase  (BuChE).  ATCh  hydrolysis  was  almost 
completely  abolished  by  the  AChE-specific  inhibitor  BW248C51,  whereas  BTCh  hydrolysis 
was  only  slightly  inhibited  by  the  classical  BuChE  inhibitor  iso-OMPA  (Fig.  1A).  This 
demonstrates  that  AChE  accounts  for  about  95%  of  the  total  cholinesterase  activity  in  the  bee 
brain  and  suggests  that  it  is  responsible  for  both  ATCh  and  BTCh  hydrolysis.  These 
characteristics  were  identical  for  nurse  and  forager  bees. 

There  also  were  no  differences  between  nurses  and  foragers  in  electrophoretic  migration  and 
oligomeric  assembly  for  catalytically  active  brain  AChE.  Bee  AChE  migrated  as  a  single  band 
and  showed  similar  electrophoretic  mobility  to  that  of  recombinant  human  AChE  (Sigma;  Fig. 
IB  and  data  not  shown).  It  also  displayed  a  single  peak  in  sucrose  gradient  analysis,  with  a  ca. 
6S  sedimentation  coefficient  (as  was  previously  described  (Belzunces  et  al.,  1988)),  which 
most  likely  corresponds  to  AChE  dimers  (Fig.  IB). 

Brain  AChE  catalytic  activity  decreases  during  behavioral  development.  In 

contrast  to  its  unchanged  biochemical  characteristics,  the  catalytic  activity  of  AChE  in  brain 
extracts  was  20-65%  lower  in  foragers  compared  to  nurses  (Fig.  1C,  left).  Differences 
between  foragers  and  nurses  were  significant  and  robust;  these  results  were  obtained  over  two 
different  years,  from  five  unrelated  typical  colonies  (and  therefore  with  different  genetic 
contents)  maintained  under  field  conditions. 

According  to  the  basic  structure  of  division  of  labor  in  bee  colonies,  hive  work  always  precedes 
foraging;  foragers  are  therefore  both  older  and  more  behaviorally  advanced  than  nurses.  This 
means  that  the  detected  changes  in  AChE  catalytic  activity  may:  1)  anticipate  or  coincide  with  the 
transition  to  foraging;  2)  relate  to  the  acquisition  of  new  tasks  once  foraging  has  already  begun; 
and/or  3)  relate  to  chronological  aging  that  is  independent  of  behavioral  status.  We  used 
“precocious  foragers”  to  determine  whether  hypothesis  1  is  a  more  likely  explanation  than 
hypotheses  2  and  3.  Precocious  foragers  are  bees  from  experimental  single-cohort  colonies  that 
are  induced  to  start  foraging  as  early  as  7  days  of  age  due  to  the  absence  of  older  individuals 
(Robinson  and  Page,  1989).  There  was  no  significant  difference  in  brain  AChE  catalytic 
activity  in  7- 10-day-old  nurses  and  precocious  foragers  collected  from  4  single-cohort  colonies 
(Fig.  1C,  right). 

Bee  AChE  cloned.  To  test  whether  the  changes  in  AChE  activity  between  nurse  bee  and 
foragers  described  above  are  caused  by  transcriptional  regulation,  we  cloned  the  cDNA 
sequence  encoding  the  Apis  mellifera  (Am)AChE  in  order  to  measure  brain  mRNA  levels.  RT- 
PCR,  with  partially-degenerate  primers,  yielded  two  main  products,  187  and  245  bp  long.  The 
predicted  protein  encoded  by  the  shorter  product  (accession  no.  AF21301 1)  displayed  40%  and 
35%  identity  to  alpha-esterases  of  the  blowfly,  Lucilia  cuprina,  and  the  ffuitfly  D. 
melanogaster,  respectively  (accession  no.  aaa91812  and  aaB01149),  enzymes  which  are 
important  for  organophosphate  resistance  (Newcomb  et  al.,  1996).  The  protein  sequence 
encoded  by  the  longer  product  showed  high  sequence  identity  with  AChEs  from  various 
organisms.  We  obtained  a  1715  bp  cDNA  sequence  using  the  sequence  of  the  longer  product 
by  rapid  amplification  of  cDNA  and  PCR  amplification  from  a  bee  brain  cDNA  library  as 
template.  The  492  AA  translation-product  showed  67.1%,  61%  and  39.9%  identity  to  AChE 
from  the  beetle  Leptinotarsa  decemlineata,  D.  melanogaster  and  H.  sapiens ,  respectively  (Fig. 
2).  This  comparison  confirmed  the  identity  of  this  cDNA  as  part  of  the  Ache  gene  of  the  honey 
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bee,  Apis  mellifera  {AmAche).  Interestingly,  the  AmAChE  coding  sequence  was  not  less 
conserved  than  the  predicted  amino  acid  sequence  (64%,  64%  and  50%,  respectively). 

Most  of  the  key  amino  acid  residues  important  for  AChE  activity  were  found  to  be  conserved  in 
AmAChE  compared  to  other  insects.  These  include  two  residues  of  the  catalytic  triad  (the  third 
is  yet  undetermined  due  to  the  truncation  of  our  sequence),  the  residues  comprising  the 
peripheral  anionic  site  (Y104,  Ml 70,  Q335  and  W336;  Fig.  2,  numbering  according  to  the 
AmAChE  sequence),  the  choline  binding  residue  Ml  1 5  and  the  acetyl  binding  one,  F345. 

AChE  brain  mRNA  levels  decrease  during  behavioral  development,  especially 
in  the  mushroom  bodies.  High-resolution  fluorescent  in  situ  hybridization  (FISH)  showed 
AChE  mRNA  localization  in  several  brain  regions  known  to  be  involved  with  processing  of 
olfactory  and  visual  information,  such  as  the  mushroom  bodies,  the  medulla  and  lamina  of  the 
optic  lobes,  and  the  area  surrounding  the  antennal  lobes  (Fig  3A).  These  results  agree  with 
histochemical  and  immunocytochemical  analyses  of  other  components  of  the  cholinergic  system 
(Kreissl  and  Bicker,  1989).  FISH  revealed  particularly  strong  AChE  expression  in  the  somata 
of  the  Kenyon  cells  (Fig  3  A).  Quantitative  analysis  of  confocal  microscopy  images  revealed  a 
significantly  lower  density  of  mRNA  labeling  in  the  Kenyon  cells  of  foragers  relative  to  nurses 
(Fig.  3B  left).  Differences  were  especially  striking  in  the  centrally  located  cells  (Fig.  3A, 
insets).  Support  for  this  observation  comes  from  an  analysis  of  the  distribution  of  signal 
densities  for  all  calyces  analyzed  (Fig.  3B  right).  Though  the  distributions  for  nurses  and 
foragers  overlap  broadly,  they  do  differ  significantly  (P  <  0.001,  G-test),  with  an  apparent 
second  peak  in  the  low  values  of  signal  density  for  calyces  from  foragers.  Given  that  sections 
(N  =  21  per  behavioral  group)  were  taken  randomly  with  respect  to  position  in  the  calyx,  these 
results  suggest  that  spatial  patterns  of  AChE  expression  within  the  calyces  of  the  mushroom 
bodies  differ  between  nurses  and  foragers. 

Treatment  with  an  AChE  inhibitor  causes  improved  performance  on  a  learning 

assay.  Metrifonate-treated  bees  exhibited  a  significantly  higher  number  of  correct  responses 
than  did  saline-treated  bees  in  the  olfactory  conditioning  test  (Fig.  4,  Bottom;  2.48  ±  0.26  SE 
vs.  1 .93  ±  0.24,  P  <  0.03,  ANOVA).  This  apparently  was  not  a  consequence  of  a  difference  in 
arousal;  there  were  no  significant  differences  in  the  percentages  of  metrifonate-treated  and 
saline-treated  bees  that  showed  a  positive  response  to  the  first  odor  exposure  (P  =  0.07,  DF  = 
3,  Breslow-Day  Multi-Way  Test  for  Homogeneity,  SAS).  Significant  differences  between 
metrifonate-treated  and  saline-treated  bees  were  also  detected  for  analyses  conducted  on  the  data 
for  Exposures  2-4  only. 

Discussion 

We  have  used  the  process  of  honey  bee  behavioral  development  to  look  for  long-term,  naturally 
occurring  changes  in  AChE  regulation  during  adulthood.  Our  results  indicate  that  such  changes 
do  occur,  the  first  such  report  for  this  important  enzyme.  We  did  not  extensively  examine  the 
functional  consequences  of  such  a  change,  but  it  is  possible  that  forager  bees  have  increased 
cholinergic  neurotransmission  efficacy  relative  to  younger  bees  working  in  the  hive.  Similarly, 
increased  dendritic  arborization  of  the  Kenyon  cells  of  the  mushroom  bodies  (Farris  S.M  et  al., 
1999.  Soc  Neurosci  abstr)  also  may  increase  neurotransmission  efficacy.  It  is  not  known 
whether  AChE  regulation  and  the  dendritic  arborization  are  causally  related,  but  we  have  found 
that  overexpressed  AChE  reduces  dendritic  arborization  in  the  brain  of  transgenic  mice  (Beeri  et 
al.,  1997).  Thus,  although  it  is  not  clear  whether  foragers  have  higher  cognitive  capacities 
relative  to  younger  hive  bees,  our  current  findings  provide  plausible  explanations  for  such 
differences,  if  they  occur. 

Biochemical  analyses  of  bee  brain  AChE  revealed  similarities  between  the  enzyme  in  bees  and 
Drosophila.  As  in  flies,  AChE  appears  to  be  the  only  cholinesterase  in  the  bee  brain. 
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responsible  for  both  ATCh  and  BTCh  hydrolysis,  and  exists  mainly  as  a  dimer  (Gnagey  et  al., 
1987).  In  contrast,  in  vertebrate  central  nervous  system  neurons,  both  AChE  and  BuChE  are 
expressed,  the  main  enzyme  form  being  membrane-associated  tetramers  (Massoulie  et  ah,  1998; 
Stemfeld  et  ah,  2000).  Whereas  the  bee  and  fly  enzymes  appear  to  share  many  characteristics, 
the  bee  system  offers  advantages  for  behaviorally-related  analyses  of  AChE.  Such  analyses  in 
flies  are  quite  rare  (e.g.  (Incardona  and  Rosenberry,  1996))  and  are  much  more  difficult  to 
interpret,  because  unlike  honey  bees,  flies  do  not  exhibit  a  well  developed  pattern  of  adult 
behavioral  development. 

While  there  are  no  differences  between  nurse  and  forager  honey  bees  in  the  properties  of  AChE 
studied  here,  our  developmental  analsyses  revealed  strong  differences  in  measurements  of 
catalytic  activity.  The  decrease  in  brain  AChE  catalytic  activity  in  foragers  compared  to  nurses 
apparently  does  not  occur  prior  to,  or  even  immediately  following  the  transition  to  foraging,  as 
precocious  foragers  did  not  show  it  consistently.  This  leaves  both  chronological  aging  and 
experience-dependent  changes  as  possible  causal  factors.  We  speculate  that  AChE  activity  in 
the  bee  brain  is  influenced,  at  least  in  part,  by  foraging  experience.  Foragers  from  typical 
colonies  presumably  had  as  much  as  one  or  two  weeks  of  foraging  experience  before  they  were 
collected  and  showed  a  robust  decrease  in  AChE  activity.  In  contrast,  precocious  foragers  had 
only  one  or  two  days  of  foraging  experience  before  collection;  perhaps  this  is  not  enough  to 
consistently  influence  AChE.  This  speculation  agrees  with  the  observation  that  results  for 
precocious  foragers  from  two  colonies  did  show  decreases  comparable  to  those  seen  in  foragers 
from  typical  colonies.  Further  studies  are  necessary  to  determine  whether  the  decrease  in  brain 
AChE  activity  in  foragers  is  due  to  aging  or  experience. 

That  at  least  a  part  of  the  decrease  observed  in  forager  AmAChE  activity  levels  is  caused  by 
reduced  AChE  gene  expression  is  suggested  by  lower  AmAChE  mRNA  levels  measured  in  the 
mushroom  bodies.  Low  levels  of  expression  in  these  regions  may  reflect  the  fact  that  the 
forager  calyx  has  a  lower  cell  density  than  that  of  nurse  bees  (Ito  et  al.,  1998).  However,  our 
comparative  analysis  of  mRNA  signal  density  in  the  Kenyon  cells  of  foragers  relative  to  nurses 
cannot  be  confounded  by  the  cell  density  issue.  The  biggest  decrease  in  forager  AChE  gene 
expression  was  found  to  occur  in  the  centrally  located  cells  of  the  mushroom  bodies.  These 
cells  are  the  youngest  of  the  Kenyon  cell  population,  where  the  earliest  bom  cells  are  pushed 
outward  (Farris  et  al.,  1999).  This  observation  supports  the  notion  that  the  decrease  in  AChE 
expression  is  not  a  degenerative  process  related  to  the  age  of  cells,  but  rather  a  regulated  process 
that  may  be  inversely  correlated  with  differentiation  of  Kenyon  cells.  An  involvement  of  AChE 
in  the  differentiation  of  nerve  cells  was  previously  suggested  for  Xe nopus  motoneurons 
(Stemfeld  et  al.,  1998)  and  for  murine  phaeochromocytoma  cells  (Grifrnan  et  al.,  1998).  In 
both  cases,  the  non-catalytic  activities  of  AChE  (Grisaru  et  al.,  1999b)  are  believed  to  take  part. 
Our  results  also  provide  additional  support  for  the  emerging  recognition  that  the  mushroom 
bodies  of  the  insect  brain  are  composed  of  heterogeneous  populations  of  cells  (e.g.,  (Farris  et 
al.,  1999)). 

Inhibition  of  brain  AChE  activity  by  metrifonate  was  found  to  improve  the  performance  of 
forager  bees  in  an  olfactory  conditioning  test.  These  results  are  consistent  with  most  of  the 
previous  studies  (Cano  Lozano  and  Gauthier,  1998;  Gauthier  et  al.,  1994)  that  correlated 
enhanced  cholinergic  neurotransmission  with  improved  performance  (c.f.  Fresquet  et  al., 
1998).  Studies  involving  nurse  bees,  a  broader  array  of  cholinergic  pharmacological  agents, 
and  perhaps  additional  types  of  behavioral  assays  are  required  before  the  significance  of  the 
observed  downregulation  with  respect  to  learning  can  be  fully  determined. 

Another  possibility  is  that  AChE  downregulation  makes  forager  bees  less  sensitive  than  nurses 
to  natural  and  synthetic  xenobiotic  agents  such  as  organophosphate  pesticides.  This  suggestion 
is  based  on  the  finding  (Shapira  et  al.,  2000)  that  a  relatively  small  increase  in  AChE 
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constitutive  expression  (ca.  1 .5  fold)  in  transgenic  mice  can  impair  the  transcriptional  response 
of  the  ACHE  gene  to  various  AChE  inhibitors  and  therefore  heighten  sensitivity  to  such  agents. 
Changes  in  neural  function  that  underlie  long-term  changes  in  memory  are  caused  in  part  by 
transcription-dependent  mechanisms  (Kaufer  et  al.,  1998).  Our  results  indicate  that  similar 
mechanisms  may  be  involved  in  the  long-term  changes  in  neural  function  that  are  associated 
with  behavioral  development  in  honey  bees.  There  is  only  limited  evidence  for  changes  in  gene 
expression  in  the  brain  that  are  associated  with  changes  in  behavior  of  animals  in  their  natural 
environment  (Mello  et  al.,  1995;  Robinson,  1999).  However,  this  is  probably  due  to  the  little 
attention  this  topic  has  received.  In  honey  bees,  there  are  only  two  other  known  cases  of 
developmental  regulation  of  brain  gene  expression.  There  are  age-related  increases  in  royal  jelly 
protein-3  mRNA  in  the  brain,  the  function  of  which  is  still  unknown  (Kucharski  et  al.,  1998). 
There  also  are  similar  increases  in  brain  mRNA  levels  of  period,  a  gene  well  known  for  its  role 
in  circadian  rhythms  (Toma  et  al.,  2000).  These  results,  coupled  with  our  findings,  suggest 
that  transcription-dependent  mechanisms  may  play  diverse  roles  in  naturally  occurring 
behavioral  plasticity. 
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Figure  1.  Biochemical  analyses  of  AChE 
from  the  brains  of  nurse  and  forager 
honey  bees.  A.  Substrate  and  inhibitor 
specificities.  Mean  (±SE)  specific 
cholinesterase  activity  in  brain  homogenates  from 
nurse  bees,  normalized  to  activity  without 
inhibitors  (2-3  measurements  of  one  sample,  5 
brains/sample).  BTCh  hydrolyzing  activity  was 
ca.  5%  of  ATCh  hydrolyzing  activity.  BW:  BW 
248C51;  10:  iso-OMPA.  B.  Similar 

sedimentation  and  electromobility  profiles 
for  nurse  and  forager  AChE.  Extracts 
representing  10  brains  each  were  subjected  to 
sucrose  density  centrifugation  followed  by  an 
ATCh  hydrolysis  assay  (Seidman  et  al.,  1994). 
Arrow  marks  the  position  of  bovine  liver  catalase. 
Inset.  AChE  from  nurses  and  foragers 
migrates  similarly  in  activity  gels.  AChE 
activity  staining  following  gel  electrophoresis. 
Note  the  single  band  with  similar  electromobility 
in  brain  homogenates  prepared  from  foragers  or 


nurses  (each  sample  is  a  5-ju.l  aliquot  of  brain  homogenate).  C.  Differences  in  brain  AChE 
catalytic  activity  in  foragers  and  nurses.  Left.  Mean  (±  SE)  AChE  brain  activity  levels 
(nmol  ATCh  hydrolyzed/min/mg  total  protein)  in  forager  bees  from  typical  colonies  (N  =  5), 
normalized  to  the  mean  level  for  nurse  bees  from  the  same  colony  (Sample  sizes  for  brains  in 


bars).  Columns  without  SEs  represent  colonies  where  all  brains  were  pooled  into  one 
homogenate;  dotted  bar  represents  the  grand  mean  across  all  5  colonies.  2-way  ANOVA 
(randomized  complete  block  on  log-transformed  data;  SAS,  Cary,  NC)  revealed  significant 
variation  between  colonies  (P  <  0.05)  and  between  nurses  and  foragers  P  <  0.01).  Similar 
results  were  obtained  when  excluding  the  one  colony  with  the  lowest  forager  catalytic  activity. 
Absolute  rates  of  ATCh  hydrolysis  varied  greatly  from  colony  to  colony  (the  median  was  ca. 
100  nmol  ATCh  hydrolyzed/min/mg  total  protein).  Right.  Similar  results  for  bees  from  single¬ 
cohort  colonies  (N=4).  2-way  ANOVA  revealed  significant  variation  between  colonies  (P  < 
0.05)  but  no  significant  differences  between  nurses  and  precocious  foragers  (P  >  0.7). 


12 


MAISCRQSRVLPTsjgp^pLTIPLPI^L^jjs^LSGgfc  .  .  .  GV .':t tIM t Wl*l Ifrl*3 L s 


remnllv^s  s^vi2LHLv2^cQxDDDs^5SSN3KSEK3^T^pfflss^SASW333ffiE33®N!!1333!Ifc!3KKGEs3Sw*15;lT^ 


ni^|^vd(3qE333Bph 


MRPPQd2-aH*P8IJlSPI.lSL9aw0I.OGGjBoXEOIIEDA4SfflTVaa0R3ElF2KTS0OFfflB*araHEBa3!SPHa3l»sBB|3KO®Sffi333B»pQ 


Figure  2.  AChE  Sequence  comparison.  Multiple  sequence  alignment  of  the  translated 
AmAChE  partial  gene-product  with  two  insect  and  two  vertebrate  AChE  proteins.  Alignment 
was  generated  with  the  PileUp  (University  of  Wisconsin  GCG  software  package)  and 
Boxshade  programs.  Black  and  grey  shadings  represent  residues  identical  or  similar, 
respectively,  to  a  consensus  sequence  calculated  from  these  sequences  (not  shown).  Am,  Apis 
mellifera  (current  report,  GeneBank  accession  no.  AF213012);  Ld,  Leptinotarsa  decemlineata 
(Swissprot  accession  number  Q27677);  Dm,  Drosophila  melanogaster  (P07140);  Tm,  the 
electric  eel,  Torpedo  marmorata  (P07692);  Hs,  Homo  sapiens  (P22303).  Asterisks  denote  the 
catalytic  triad  residues. 
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Figure  3  AChE  brain  mRNA  levels  are  lower  in 
foragers  than  nurses,  especially  in  the  mushroom 
bodies.  A.  AChE  mRNA  labeling  in  the  bee  brain. 

A  representative  coronal  section  through  the  brain  of  a 
worker  honey  bee  labeled  for  AmAChE  mRNA.  Detection 
of  transcripts  was  achieved  using  the  ELF  AP  substrate 
(main  image).  White  rectangle  delineates  the  position  of  a 
calyx  region  of  a  mushroom  body  shown,  magnified,  in  the 
top  right  images.  Top  right.  Representative  confocal 
microscope  images  (N  =  nurse,  F  =  forager)  of  calyces  from 
similar  brain  sections  labeled  for  AmAChE  mRNA  using  the 
Fast  Red  AP  substrate.  Bottom  left.  Schematic  depiction 
of  the  bee  brain  (after  Kreissl  and  Bicker,  1989).  me  and  lc, 
medial  and  lateral  calyces  of  the  mushroom  bodies;  k, 
Kenyon  cell  bodies  region;  p,  pons;  oc,  one  of  three  ocelli;  1, 
m  and  lo,  lamela,  medula  and  lobula  of  the  optical  lobe;  al, 
antennal  lobe;  dl,  dorsal  lobe.  B.  AChE  mRNA  levels  are  lower  in  Kenyon  cells  of 
foragers  than  nurses.  Left.  Mean  ±  SE  signal  densities  (arbitrary  units)  of  AmAChE 
mRNA  from  calyces  (enclosing  a  population  of  Kenyon  cell  bodies)  of  nurses  (N)  and  foragers 
(F)  brains.  The  analysis  was  based  on  2-4  calyces/section,  3  sections/brain,  7  brains/behavioral 
group,  for  a  total  of  77  calyx  sections  for  nurses  and  74  for  foragers.  (P  <  0.00005,  t-test).  No 
significant  differences  in  signal  densities  between  medial  and  lateral  calyces  were  detected 
(results  not  shown).  Right.  Frequency  distribution  of  signal  densities  for  all  analyzed  calyces. 
Since  the  sampling  of  sections  through  the  calyces  was  random,  with  respect  to  position  in  the 
calyx,  we  can  infer  from  this  distribution  conclusions  regarding  changes  in  mRNA  density  in 
different  areas  of  the  calyx.  Asterisks  denote  a  statistically  significant  difference  in  the 
distribution  of  signal  density  values. 


Figure  4.  Metrifonate  improves  bee  performance  on 
olfactory  learning  test.  Top.  A  scheme  of  the  learning 
assay  (picture  taken  by  Brian  Smith,  Ohio  State  University). 
Odor  exposure  (a  puff  of  geraniol-saturated  air)  was  coupled 
with  a  reward  of  sucrose  solution  (droplet),  which  elicits  the 
unconditioned  response,  the  proboscis  (arrow)  extension 
reflex.  See  Materials  and  methods  for  a  detailed 
explanation.  Bottom.  Mean  (±  SE)  number  of  bees  showing 
positive  responses  at  each  odor  exposure.  Grand  means  are 
based  on  data  from  four  trials,  with  bees  from  2  different, 
unrelated,  colonies,  37-94  bees/group/trial;  216  metrifonate- 
injected  (filled  squares)  and  233  saline-injected  (open  circles) 
bees  total.  Statistical  analyses  (see  text)  were  conducted  on  the 
total  number  of  correct  responses/bee.  Inset  shows  the 
chemical  structure  of  trichloro-metrifonate. 
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Summary 

Acetylcholinesterase  (AChE)  signals  important  physiological  messages.  Best  appreciated  of  its  roles  is  in 
the  termination  of  neurotransmission.  More  recently  its  role  in  morphogenesis  and  cell  adhesion  has  been 
recognized.  Alternative  splicing  of  the  single  human  ACHE  gene  transcript  gives  rise  to  three  AChE 
variants,  which  immediately  raises  the  question  of  whether  each  of  the  variants  participates  equally  in  all 
the  identified  functions,  or  whether  there  is  a  division  of  labor  among  the  variants.  Some  of  the 
morphogenic  effects  of  nervous  system  AChE,  we  find,  are  AChE  variant-specific.  AChE  is  known  to 
interact  with  several  other  proteins  that  putatively  function  in  morphogenesis  and  cell  adhesion, 
particularly  in  the  nervous  system.  Therefore,  we  propose  that  the  variants  signal  their  unique  cell 
adhesion  and  morphogenic  instructions  via  variant-specific  interactions  with  intrinsic  and  trans¬ 
membrane  protein  ligands.  These  morphogenic  properties  may  be  inseparable  from  the  integrity  of  the 
entire  variant  protein,  the  small  variant-specific  domains  imposing  on  the  entire  protein  a  conformation 
that  allows  these  newer  properties.  A  similar,  but  pathological,  case  seems  to  be  the  role  of  AChE  in 
Alzheimer  s  disease:  catalytically  active  enzyme  is  found  in  the  fibrils  and  plaques  that  characterize  the 
disease,  and  it  accelerates  formation  of  the  structures  and  contributes  to  their  neurotoxicity.  Conventional 
AChE-inhibitor  drugs,  used  in  Alzheimer  s  disease  therapy  and  myasthenia  gravis,  are  either  non- 
selective  or  insufficiently  selective  among  the  AChE  variants.  Moreover,  inhibiting  the  hydrolytic  activity 
of  AChE  would  not  necessarily  prevent  its  morphogenic  acitivities.  Therefore,  an  attractive  alternative  to 
conventional  chemical  inhibitors  is  the  selective  suppression  of  the  production  of  single  variants  by 
antisense  oligodeoxynucleotides.  Recent  in  vivo  studies  demonstrate  such  selectivity  for  antisense  agents 
targeted  at  the  ACHE  gene. 

Introduction 

AChE  is  a  signalling  molecule  in  several  senses.  It  has  a  well-established  role  in  terminating  cholinergic 
activity  by  hydrolysis  of  the  neurotransmitter,  acetylcholine  to  acetate  and  choline  (Hoffman  et  al.,  1996). 
More  recently,  non-classical  activities,  morphogenesis  and  cell  adhesion  properties,  have  been  recognized. 
Evidence  for  these  newer  activities  came  first  from  the  finding  of  the  protein  in  unexpected  places 
(Appleyard,  1992;  Greenfield,  1984;  Grisaru  et  al,  1999b),  such  as  decidedly  non-cholinergic  cells  and 
tissues:  blood  cells,  notably  erythrocytes  and  megakaryocytes  (Lapidot  Lifson  et  al.,  1992;  Lev-Lehman  et 
al.,  1997;  Patinkin  et  al.,  1994;  Paulus  et  al.,  1981;  Soreq  et  al.,  1994),  developing  avian  cartilage  (Layer, 
1990)  and  mammalian  bone  (Grisaru  et  al.,  1999a),  and  developing  oocytes  and  sperm  (Malinger  et  al., 
1989;  Sastry  et  al.,  1981;  Soreq  et  al.,  1990).  Even  in  the  nervous  system  there  is  no  simple  relation  of 
location  to  cholinergic  function  (Broide  et  al.,  1999;  Greenfield,  1991).  Cell  proliferation  and/or  invasive 
migration  capacities  were  attributed  to  AChE  in  several  tumor  types  (Drews,  1975;  Noda  et  al.,  1998;  Zakut 
et  al.,  1990).  During  development  of  the  nervous  system,  AChE  conributes  to  the  sprouting  of  neurites, 
which  are  process  extensions  from  the  cell  body  on  which  the  synapses  develop  (Layer,  1991;  Weikert  et 
al.,  1990).  Coinciding  with  neuron  proliferation  and  axon  outgrowth,  AChE  is  transiently  expressed  in  the 
developing  brain  (Karpel  et  al.,  1994;  Karpel  et  al.,  1996;  Lapidot  Lifson  et  al.,  1992;  Layer,  1991;  Layer, 
1990;  Layer  et  al.,  1987).  The  discovery  of  non-catalytic  AChE-like  proteins  with  documented  roles  in  cell 
adhesion  and  axon  guidance  (Hortsch  et  al.,  1990)  further  strengthened  the  conviction  that  there  are 


additional  biological  roles  of  AChE;  cell  culture  experiments  then  provided  an  explanation  in  molecular 
terms  of  these  new  roles  (Grifman  et  al.,  1998;  Koenigsberger  et  al.,  1997;  Stemfeld  et  al.,  1998a) 

Alternative  splicing  of  the  common  pre-mRNA  creates  three  C-terminal  variants 

The  pre-mRNA  transcript  of  the  single  human  ACHE  gene  undergoes  alternative  splicing  to  yield  several 
variant  proteins.  In  addition  to  the  well  known  "synaptic"  (S)  and  "erythrocytic  (E)  isoforms  of  AChE, 
molecular  cloning  has  revealed  the  existence  of  a  third,  "readthrough"  (R)  isoform  (Ben  Aziz-Aloya  et  al., 
1993;  Li  et  al.,  1991).  These  three  isoforms  share  a  core  of  543  amino  acid  residues  which  is  catalytically 
competent,  but  they  differ  in  their  C-terminal  sequences.  AChE-S  terminates  with  the  sequence 
DTLDEAERQWKAEFHRWSSYMVHWKNQFDHYSKQDRCSDL;  AChE-E  with 
ASEAPSTCPGFTHG;  and  AChE-R  with  GMQGPAGSGWEEGSGSPPGVTPLFSP .  AChE-R  is  a 
soluble  hydrophilic  protein,  unlike  the  better  known  AChE-S  variant,  which  exists  as  dimers  connected 
by  disulfide  bridges  between  the  cysteine  residues  near  their  C-termini.  These  may  be  bundled  to  a 
collagen-like  tail  or  a  brain-specific  structural  subunit,  whereas  dimers  of  the  AChE-E  variant  are  bound 
to  a  glycophosphatidoinositide  moiety  that  is  embedded  in  the  erythrocyte  membrane  (Haas  et  al.,  1996; 
Massoulie  et  al.,  1998).  AChE-R,  being  soluble,  is  readily  accessible  for  interaction  with  immobile 
extracellular  elements  of  its  milieu. 

AChE  has  a  potential  for  interaction  with  a  variety  of  proteins 

AChE  is  now  recognized  as  a  member  of  a  family  of  proteins  that  includes  Drosophila  neurotactin 
(Darboux  et  al.,  1996;  Hortsch  et  al,  1990)  and  gliotactin  (Auld  et  al,  1995),  known  for  their  roles  in 
maintenance  of  cellular  adhesion,  especially  (for  gliotactin)  in  the  hemolymph-neuron  barrier,  which  is 
the  Drosophila  analogue  of  the  blood-brain  barrier.  They  are  intrinsic  membrane  proteins;  their  AChE- 
homologous  domain  is  extracellular,  and  their  intracellular  domain  interacts  with  proteins  such  as  coracle 
(Baumgartner  et  al,  1996),  a  band  4.1  homologue,  which  is  a  mediator  of  signals  to  the  cytoskeleton  or 
discs  lost  (Dlt),  a  multi-PDZ  element  which  serves  as  an  anchor  for  cytoskeletal  proteins  (Bhat  et  al, 
1999).  This  series  of  interactions,  therefore,  traces  a  sequence  that  potentially  transduces  signals  from  the 
cell  membrane  to  the  cytoskeleton  via  AChE-like  proteins.  That  this  may,  indeed,  be  the  case  is  attested 
by  the  findings  that  AChE  can  replace  neurotactin  in  cell  adhesion  models  (Darboux  et  al,  1996),  and  its 
effects  on  morphogenesis  are  duplicated  by  another  AChE  homologue,  neuroligin,  in 
phaeochromocytoma  PCI 2  cells  (Grifman  et  al,  1998). 

The  non-classical  functions  of  AChE  are  variant-specific 

Studies  of  the  morphogenic  roles  of  AChE  have  been  facilitated  by  the  construction  of  transgenic  mouse 
lines  that  over-express  a  specific  AChE  variant,  AChE-S  (Beeri  et  al,  1995)  or  AChE-R  (Stemfeld  et  al, 
1998b),  by  the  use  of  stably  transfected  cell  lines  (Bigbee  et  al,  1999;  Grifman  et  al,  1998; 
Koenigsberger  et  al,  1997),  or  primary  neurons  over-experssing  AChE  variants  (Stemfeld  et  al,  1998a) 
and  by  producing  small  quantities  of  the  recombinant  variants.  In  several  of  these  model  systems,  human 
AChE-R  emerged  as  having  capacities  distinct  from  those  of  AChE-S.  In  cultured  glioblastoma  cells, 
over-expressed  AChE-R  confers  a  phenotype  of  small,  round,  rapidly  dividing  cells  as  opposed  to  the 
AChE-S  phenotype  of  process  growth  (Karpel  et  al,  1994).  Antisense  suppression  of  AChE-R  mRNA  in 
PC  12  cells  was  associated  with  complete  loss  of  neuritogenesis,  which  was  retrieved  by  re-transfection 
with  AChE-S  (Koenigsberger  et  al,  1997)  as  well  as  AChE-R  or  their  non-catalytic  homolog,  neuroligin 
(Grifman  et  al,  1998).  In  DFP-exposed  mice,  over-expressed  AChE-R  increases  the  density  of  diaphragm 
neuromuscular  junctions  by  around  5-fold  in  an  antisense-preventible  manner  (Lev-Lehman  et  al,  2000). 
However,  neuronal  AChE-S  over-production  does  not  increase  synaptogenesis  (Andres  et  al,  1997), 
perhaps  due  to  a  synaptogenic  function  of  AChE-R  that  is  distinct  from  that  of  AChE-S. 


AChE-R  is  over-produced  under  the  influence  of  several  stressors 

Acute  psychological  and  physical  stress  (the  forced-swim  paradigm)  (Kaufer  et  al.,  1998),  exposure  to 
anti-cholinesterases  (Kaufer  et  al.,  1999)  or  trauma  (closed  head  injury)  (Shohami  et  al.,  2000)  rapidly 
induce  robust  and  persistent  over-production  of  AChE-R  in  mammalian  brain  and  muscle.  The  resultant 
facilitation  of  the  capacity  for  acetylcholine  hydrolysis  provides  useful  short-term  suppression  of  the 
cholinergic  hyperexcitation  that  is  associated  with  stress  responses.  This  can  prevent  epileptic  seizures  or 
muscle  spasms,  respectively.  However,  in  the  long  run,  these  forms  of  stress  or  trauma  —  acute 
psychological  stress,  exposure  to  anti-cholinesterases,  head  injury  —  all  can  lead  to  delayed 
neurodeterioration.  Further  studies  will  be  required  to  determine  whether  the  association  of  AChE-R  with 
these  physiological  conditions  reflects  a  causal  relationship  to  neurodeterioration,  or  whether  the 
expression  of  AChE-R  is  a  protective  mechanism  that  is  not  always  sufficient  to  prevent  the  deterioration. 


There  is  the  tantalizing  possibility  that  synthetic  peptides  with  sequences  of  the  unique  C-terminal 
domains  which  define  the  the  variants  will  share  with  them  their  characteristic  morphogenic  properties. 
On  the  other  hand,  the  C-terminal  domains  may  impose  these  new  biological  properties  on  the  entire 
protein,  an  effect  best  understood  as  forcing  on  the  core°protein  a  conformational  change  that  adapts  it  to 
its  new  role.  The  figure  below  shows  the  effect  of  several  AChE  variants  on  the  formation  of  pathological 
corkscrew  neurite  structures.  The  representations  of  the  core  AChE  molecule  and  the  C-terminal 
sequences  show  them  essentially  apart  from  the  globular  domain,  or  closely  interacting  with  it.  Future 
studies  will  be  required  to  choose  between  these  two  possibilities. 


Neuropathologies  induced  by  transgenic  AChE-S 

Above  are  representations  of  the  core  AChE  molecule  with  C-terminal  sequences  arbitrarily  represented 
as  conformationally  independent  of  the  globular  domain  (AChE-S)  or  closely  interacting  with  it  (AChE- 
R).  Below  are  sections  of  cortex  taken  from  normal,  transgenic  human  AChE-S,  transgenic  human 
AChE-Sin  (an  inactive  engineered  variant  of  AChE-S  in  which  a  7-residue  sequence  interrupts  the  active 
site),  and  AChE-R.  The  pathological  corkscrew  structures  (red  arrow)  appear  in  the  brains  of  the 
AChE-S  transgenics,  but  not  in  the  brains  of  control,  AChE-Sin  or  AChE-R  transgenics. 


On  the  basis  of  these  variant-specific  non-classical  properties  of  AChE ,  we  propose  that  the  three 
variants  signal  their  unique  cell  adhesion  and  morphogenic  instructions  via  their  interactions  with 
intrinsic  and  trans-membrane  protein  ligands. 


A  pathological  case  of  AChE  in  AD  fibrils  and  plaques 

We  presume  that  the  interactions  of  AChE  with  other  cell  elements  is  a  normal  physiological  function,  but 
this  line  of  reasoning  may  be  extended  to  include  the  association  of  AChE  with  pathological  structures, 
namely  the  interaction  of  AChE  with  the  fibrils  and  plaques  that  characterize  Alzheimer  s  disease  (AD) 
(Arendt  et  al.,  1992;  Mesulam  et  al„  1992;  Sbema  et  al.,  1997)  and  to  which  are  attributed  the 
neurotoxicity  that  causes  the  characteristic  AD  deterioration.  AChE  has  been  located  in  these  defining 
variant-specific  morphogenic  effects. 

Conventional  AChE  inhibitors  are  either  non-selective  or  insufficiently  selective  among  the  AChE 
variants 

AChE  inhibitors  have  been  designed  with  one  end  in  mind,  the  abolition  of  catalytic  activity.  The 
variation  of  their  effectiveness  against  the  various  molecular  forms  of  AChE  (Ogane  et  al.,  1992), 
therefore  seems  only  fortuitous.  It  is  unsurprising,  therefore,  that  these  have  no  consistent  effect  on  the 
newly-recognized  properties  of  AChE,  which  are  unrelated  to  catalysis.  In  the  case  of  AChE  in  AD  fibrils 
and  plaques,  the  interaction  is  known  to  be  at  a  peripheral  site,  so  conventional  AChE  inhibitors  would 
not  be  expected  to  interrupt  the  interaction.  Cumulative  experience  with  the  already-approved  anti-AChE 
drugs  for  AD  demonstrates  a  divergence  of  their  efficacy  as  AChE  inhibitors  from  their  behavioral  and 
cognitive  effects  (Giacobini,  1998;  Thai  et  al.,  1996).  The  basis  of  this  seeming  paradox  may  lie  in  the 
variant-specific  morphogenic  effects. 

A  non-conventional  approach  to  suppression  of  AChE,  therefore  is  required,  especially  one  that  would 
offer  specificity  to  the  several  AChE  variants.  Such  an  approach  is  the  suppression  of  AChE  by  antisense 
oligodeoxynucleotides  (AS-ODNs). 

Selective  suppression  of  a  single  variant  may  be  achieved  with  an  AS-ODN 

When  the  three  3  -terminal  phosphodiester  bonds  are  protected  by  2  -0-methyl  substitution,  nanomolar 
doses  of  a  20-mer  AS-ODN  targeted  to  AChE  mRNA  effectively  suppress  AChE-R  levels  in  cultured 
human  Saos2  osteosarcoma  cells  (Grisaru  et  al.,  1999a)  and  in  the  mouse  brain  in  vivo  (Shohami  et  al., 
2000).  The  shorter  AChE-S  mRNA  transcript  is  more  resistant  to  such  destruction,  which  makes  the  AS- 
ODN  effect  relatively  selective  for  AChE-R  even  when  targeted  toward  regions  shared  by  the  two 
transcripts  (Seidman  et  al.,  1999).  The  physiological  effectiveness  of  AS-ACHE  ODNs  was  demonstrated 
in  several  in  vivo  model  systems.  A  single  i.c.v.  AS-ODN  injection  (2.5  mg/Kg)  shortly  after  head  injury 
prevents  AChE-R  over-production,  improves  survival  by  2.5-fold  for  AChE-S  transgenic  animals, 
improves  recovery  to  the  rate  observed  for  control  mice  and  protects  hippocampal  neurons  from  post¬ 
injury  death  (Shohami  et  al.,  2000).  Moreover,  similar  AS-ODN  treatment  improved  the  post-injury 
recovery  of  control  FVB/N  mice,  as  measured  by  their  performance  in  the  beam  walk  test.  When  it  is 
injected  i.p.  into  DFP-treated  mice,  the  AS-ACHE  ODN  prevents  AChE-R  over-production  and  the 
associated  increase  in  the  density  of  diaphragm  neuromuscular  junctions  (Lev-Lehman  et  al.,  2000). 

Prospects 

The  multiple  physiological  roles  of  AChE  and  their  division  among  the  three  AChE  variants  requires  further 
refinement  of  the  therapeutic  strategies  aimed  at  prevention  of  the  adverse  consequences  of  AChE  excess, 
especially  for  the  management  of  AD.  The  expression  of  a  characteristic  form  of  AChE  (Navaratnam  et  al., 
1991;  Saez- Valero  et  al.,  1997;  Saez- Valero  et  al.,  1999),  and  modified  ratios  among  AChE  forms  in  favor 
of  soluble  monomers,  is  known  in  AD  and  following  exposure  to  anti-AChE  agents  (Grisaru  et  al.,  1999b). 
Such  monomers  may  include  AChE-R  and/or  unassembled  AChE-S  protomers.  Whether  either  type  of  such 
monomers  contribute  toward  neurodegeneration,  and  therefore  should  be  a  target  of  pharmacological 
intervention,  or  whether  they  are  part  of  a  physiological  protective  mechanism  and  should  be  maintained  at 
a  certain  level  will  be  the  focus  of  future  studies.  In  either  case,  the  available  amamentarium  of  anti-AChE 


drugs  should  be  supplemented  with  agents  that  are  variant-specific.  The  AS-ODN  strategy  is  an  attractive 

such  approach  for  both  basic  research  and  therapeutic  programs. 
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Novel  roles  for  cholinesterases  in  stress  and  inhibitor 
responses 

Hermona  Soreq,  David  Glick 


The  first  and  best  known  function  of  acetyl¬ 
cholinesterase  (AChE),  termination  of  cholin¬ 
ergic  neurotransmission  by  hydrolysis  of 
acetylcholine  (ACh),  stimulated  the  develop¬ 
ment  of  organophosphate  compounds  that 
were  potent  cholinesterase  (ChE)  inhibitors 
and  which  found  uses  as  insecticides  and 
chemical  warfare  agents.  More  recently,  sev¬ 
eral  therapeutic  uses  have  been  established  for 
some  of  these  and  carbamate  anti-ChEs.1  With 
the  growing  recognition  of  new  roles  for 
AChE  and  butyrylcholinesterase  (BuChE),  it  is 
appropriate  to  re-explore  the  effects  of  ChE 
inhibitors  and  the  first  steps  toward  novel 
approaches  to  the  therapeutic  suppression  of 
exxess  ChE  activities. 

BuChE  operates  as  a 
scavenger  of  anti-ChEs 

As  a  catalyst,  BuChE  is  very  similar  to  AChE. 
It  is  less  specific  for  the  acetate  ester  of 
choline,  and  it  is  inhibited  by  a  wider  spec¬ 
trum  of  compounds,  but  as  a  catalyst,  it  is 
almost  as  efficient  as  AChE.2  The  two  human 
proteins  are  also  similar  in  sequence  and  ter¬ 
tiary  structure.  Their  separate  identities  were 
established  by  cloning  the  two  respective 
genes,2'’4  and  locating  them  on  separate  chro¬ 
mosomes:  BCHE  to  3q26-terx6  and  ACHE  to 
7q227,s‘  (Fig.  4.1).  Although  AChE  is  the  pri¬ 
mary  ChE  of  the  nervous  system  and  BuChE  is 
present  largely  in  the  serum,  BuChE  was  long 


thought  to  be  a  ‘back-up'  to  AChE. 

Inconsistent  with  a  role  as  a  terminator  of 
neurotransmission  is  the  highly  polymorphic 
nature  of  the  BCHE  gene.  Over  40  natural 
mutations  have  been  identified  which  result  in 
distinct  gene  products  (Fig.  4.2).  These  muta¬ 
tions  generate  a  range  of  proteins,  including 
some  which  are  functionally  indistinguishable 
from  the  typical  BuChE,  as  well  as  others 
having  no  hydrolytic  activity  whatsoever.1" 
That  such  mutations  persist  in  the  population 
without  obvious  detriment,  even  to  homozy¬ 
gous  carriers,  is  a  good  indication  that  what¬ 
ever  function  BuChE  performs  it  is 
non-essential.  However,  some  BuChE  muta- 
.  tions  confer  a  genetic  predisposition  to  adverse 
responses  to  AChE  inhibitors. n 
‘  Because  of  the  broad  specificity  of  BuChE, 
every  anti-AChE  is  also  an  anti-BuChE.  An 
anti-AChE  entering  the  body  will  react  with 
BuChE  before  ever  coming  into  contact  with 
AChE  at  neuromuscular  junctions  or  brain 
synapses.  The  individual  is  thus  protected  by 
the  ability  of  BuChE  to  absorb  AChE 
inhibitors.  Consistent  with  being  a  molecular 
decoy  for  AChE  are  also  the  prominence  of 
BuChE  in  the  serum,  its  capacity  to  react 
quickly  with  a  wide  spectrum  of  compounds, 
and  even  the  polymorphism  of  its  gene.  The 
polymorphism  of  BCHE  has  been  surveyed 
extensively,  originally  by  studying  the  variant 
characteristic  susceptibility  to  inhibitors  of  the 
serum  activity11  and  more  recently  by  molecu- 
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Figure  4.  7 

The  human  cholinesterase  genes.  The  BCHE  gene,  located  on  chromosome  3q26,  is  expressed  in  the 
liver  and  its  BuChE  protein  product  secreted  into  the  serum .  (It  also  is  expressed  in  the  nervous  system 

m  "VT*?  emb7onic  ^sues»)  Of  the  known  natural  mutations,  the  most  prominent  is 

the  D70G  ( atypical )  substitution  (green  asterisk).  The  biological  role  of  BuChE  appears  to  be  as  a 
decoy  to  protect  AChE  from  inhibition.  The  AChE  gene,  ACHE,  located  on  chromosome  7q22,  is 
expressed  in  the  nervous  system  and  in  developing  tissues.  Polymorphisms  17  kb  upstream  from  the 
coding  sequence  affect  expression.  Besides  its  classical  role  in  neurotransmission,  it  appears  to  be 

involved  in  the  plasticity  of  cholinergic  and  non-cjiolinergic  neuronal  tissues  and  in  developing  tissues 
such  as  bone  marrow. 


lar  genotyping.'3  A  common  variant  is  ‘atypi¬ 
cal’  BuChE,  the  product  of  a  single  base  sub¬ 
stitution  which  replaces  aspartate  with  glycine 
at  the  secondary  substrate/inhibitor  binding 
sjteu"16  (see  Fig.  4.2).  As  a  consequence,  ‘atyp¬ 
ical’  BuChE  has  a  lower  affinity  for  many 
inhibitors  and  unnatural  substrates.  Under 
normal  conditions,  this  has  no  adverse  con¬ 
sequences.  However,  anesthesiologists  use  the 
anti-AChE  succinylcholine  as  a  muscle  relax¬ 
ant,  and  for  recovery  depend  upon  its  slow 
hydrolysis  by  BuChE.  Homozygous  carriers  of 


‘atypical’  BCHE  show  a  much  delayed  return 
to  spontaneous  breathing  following  the  use  of 
succinylcholine.  Less  drastic  effects,  such  as 
slower  than  normal  recovery  of  spontaneous 
breathing,  may  be  the  consequence  of  dietary 
intake  of  natural  anti-AChEs.19  The  very 
uneven  geographical  distribution  of  ‘atypical’ 
BCHE,  with  high  or  low-  frequencies  notable 
among  historically  isolated  groups,  may  reflect 
an  evolutionary  adaptation  to  local  environ¬ 
ment  factors.  One  hypothesis  concerns  the 
interplay  of  the  presence  of  mildly  inhibitory 
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Figure  4.2 

Natural  mutations  of  BCHE.  Among  the  sites  in  BuChE  at  which  mutations  have  been  localized10,12'17  are 
the  catalytic  triad  ( green-blue ),  the  acyl  binding  site  (green),  the  choline  binding  site  (magenta),  the 
oxyanion  hole  (blue)  and  the  peripheral  anionic  site  (red-orange).  The  squares  indicate  mutations  that 
abolish  catalytic  activity;  the  circles  indicate  mutations  that  result  in  moderate  changes  in  activity,  (a)  A 
ribbon  diagram  of  Torpedo  AChE,  showing  the  catalytic  triad  active  site  (AS),  peripheral  anionic  site 
(PAS)  and  the  aspartate  residue,  which  is  the  cognate  of  D70  of  human  BuChE.  The  end  of  the  helix  in 
the  upper  left  is  the  site  of  attachment  of  the  carboxy-terminal  residue ,  which  is  indistinct  in  the  X-ray 
crystallography  model.18  (b)  The  pedigree  of  a  soldier  who  carries  two  copies  of  the  D70G  ' atypical ' 
BCHE  mutation  (filled  square),  and  who  displayed  post-anaesthesia  apnoea  under  succinylcholine 
administration,  as  well  as  deep  depression,  insomnia  and  massive  weight  loss  following 
pyridostigmine  treatment  during  the  Gulf  War.11  In  the  failure  of  the  ' atypical '  enzyme  to  protect  AChE 
from  this  anti-AChE,  this  case  history  strikingly  illustrates  the  role  of  the  typical  BuChE  as  an  anti-AChE 
scavenger. 
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alkaloids  in  Solanoccac  food  plants  (potatoes, 
tomatoes,  aubergines  and  peppers)  and  the 
appearance  of  BuChE  in  the  placenta,  to 
explain  the  co-occurrence  of  a  high  frequency 
of  the  ‘atypical’  allele  and  the  traditional  con¬ 
sumption  of  these  foods;  because  ‘atypical’ 
BuChE  has  a  low  affinity  for  these  alkaloids,  it 
survives  to  play  other  protective  roles  during 
pregnancy. 

Multi-organ  indications  of 
non-catalytic  roles 

The  occurrence  of  AChE  on  the  surface  of  erv- 
throcytes  is  a  paradox  of  long  standing:  theie, 
it  has  no  known  cholinergic  role.  Early  hints 
at  non-classical  roles  for  AChE  and  BuChE 
came  from  their  presence  in  non-neuronal  tis¬ 
sues  such  as  the  blood  cells,'  developing 
avian  cartilage2-1  and  developing  oocytes  and 
sperm,25'26  where  no  catalytic  role  for  AChE  is 
likely.  Also,  within  the  nervous  system  there  is 
not  always  a  correlation  between  the  occur¬ 
rence  of  AChE  and  other  cholinergic  pro¬ 
teins.27-29  Furthermore,  non-neuronal  brain 
cells,  the  meninges,30  blood  vessel 
endothelium31  and  glia32  also  express  AChE. 
Genomic  studies  have  placed  AChE  in  other 
unexpected  contexts.  The  human  ACHE  gene 
undergoes  massive  amplification  under  diverse 
conditions:  leukaemias,33  ovarian  carcino¬ 
mas,33  thrombocytopenia35  and  exposure  to 
organophosphate  ChE  inhibitors.'’  These  first 
indications  of  unexpected  long-term  danger  in 
exposure  to  ChE  inhibitors  initiated  a  system¬ 
atic  search  for  cells  and  tissues  in  which  CHE 
genes  are  expressed.  As  expected,  expression 
of  ACHE,  i.e.  the  presence  of  the  corresponding 
mRNA,  was  prominent  in  mammalian  brain, 
but  surprisingly  AChE  and  BuChE  mRNA  were 
observed  also  in  developing  human  oocytes,26 
which  correlates  with  the  report  of  an  inher¬ 
ited  amplification  of  the  BCHE  gene  following 


exposure  to  insecticides.  Human  CHE  expres¬ 
sion  was  also  observed  in  primary 
carcinomas,3'  placental  chorionic  villi,  devel¬ 
oping  blood  cells3"  and  embryonic  bone.-"1  The 
ubiquitous  expression  of  human  CHEs  in 
developing  tissues  reinforced  the  hypothesis 
that  these  proteins  are  involved  jn  function(s), 
beyond  ACh  hydrolysis.  Also,  cytological  and 
functional  studies  of  neurons  indicated  a  cor¬ 
relation  of  AChE  with  the  morphology  of  neu- 
rites,  which  was  not  easily  explained  solely  by 
the  cholinergic  function  of  these  structures. "" 

Alternative  splicing  leads  to 
AChE  variants  with  distinct 
structural  functions 

The  single  ACHE  gene  may  give  rise  to  differ- 
ent  protein  products  by  alternative  splicing  in 
the  coding  region  of  the  original  transcript. 
Production  of  carboxy-terminal  (C-terminal) 
variant  protein  isoforms  was  obsened  in 
embryonic  tissues44  and  in  tumour  cell  lines.32 
Among  the  consequences  of  this  alternative 
splicing  are  synaptic  or  epidermal  accumula¬ 
tion  of  C-terminal  distinct  AChE  isoforms  in 
Xenopus  tadpoles,45  modulation  of  process 
extension  in  rat  glioma  cells  and  induction  of 
neurite  growth  in  cultured  Xenopus  motor 
neurons.47  Most  of  these  functions  of  AChE 
are  independent  of  its  catalytic  ability,  as  they 
survive  insertion  of  a  seven-residue  polypep¬ 
tide  sequence  into  the  active  site. 

A  schematic  diagram  of  alternative  splicing 
in  the  coding  region  of  human  AChE  mRNA 
is  shown  in  Fig.  4.3.  In  all  three  ACHE 
mRNAs  the  common  core,  exons  2,  3  and  4,  is 
sufficient  for  catalytic  activity  of  the  protein. 
Alternate  splicing  gives  rise  to  AChE  isoforms 
with  different  C-termini;  these  confer  charac¬ 
teristic  hydrodynamic  properries,  capacities 
for  multimerization  and/or  attachment  to 
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Figure  4.5 

Multi-organ  consequences  ofAChE  overproduction.  AChE-transgenic  mice,  which  overexpress  AChEs 
in  their  brain  neurons,  have  been  characterized  as  suffering  cognitive  impairments,  evident  as  failure 
to  perform  the  Morris  water  maze  tasks  (CNS:  a).56  They  also  display  progressive  neuromotor 
deterioration,  evident  as  rapid  fatigue  in  tfieir  electromyographic  response  (muscle;  b)5'  At  the  level  of 
drug  responses,  these  mice  fail  to  adjust  their  body  temperature  under  paraoxon  exposure 
(thermoregulation:  c).s°  In  cultured  primary  haematopoietic  cells,  AChE  overproduction  is  associated 
with  enhanced  expansion  of  multipotent  stem  cells  and  diversion  of  their  differentiation  toward 
myeloid  lineages57  (D  Grisaru,  unpublished  observations). 


tor  deficits,  are  strikingly  similar  to  effects 
noted  in  transgenic  mice  that  express  human 
AChE  (hAChE)  in  their  CNS50-51  (Fig.  4.5 
(a,b)).  What  these  experimental  models  have 
in  common  is  elevated  levels  of  AChE-R,  due, 
in  the  case  of  exposure  to  anti-ChEs,  to  long¬ 
term  up-regulation  of  ACHE  expression,  and 
in  the  case  of  ACHE-transgenic  animals,  to 


increased  gene  dose.  Under  normal  conditions, 
the  blood-brain  barrier  is  practically  imperme¬ 
able  to  many  AChE  inhibitors,  especially  those 
that  are  not  lipophilic.52  However,  under  acute 
psychological  stress,  there  is  an  efficient  pene¬ 
trance  by  inhibitors  and  other  large  com¬ 
pounds  of  the  blood-brain  barrier.v5  This 
would  lead  to  AChE-R  accumulation  through 
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the  above-described  feedback  response. 
However,  our  transgenic  animal  studies  sug¬ 
gested  that  elevated  levels  of  AChE  are  harm¬ 
ful,  and  indeed,  this  is  supported  by  findings  in 
a  study  of  closed-head-injury  animals  (E 
Shohami,  unpublished  observations).  The 
extent  of  neuronal  survival  and  recovery  (eval¬ 
uated  from  a  panel  of  physical  performance 
tasks  to  which  injured  animals  were  subjected) 
were  both  decreased  in  AChE-S-transgenic 
mice  as  compared  to  controls.  Stress-induced 
accumulation  of  AChE-R  was  also  observed  in 
blood.  To  investigate  this  issue,  the 
haematopoietic  response  to  stress  was  mimic¬ 
ked  in  vitro  by  submitting  human  umbilical 
stem  cells  to  hydrocortisone  levels  which  are 
characteristic  of  stress  and  noting  the  accumu¬ 
lation  of  both  AChE-R  and  its  C-terminal  pep¬ 
tide.  Surprisingly,  a  synthetic  peptide 
representing  the  26  C-terminal  residues  of 
AChE-R  improved  the  survival  of  cultured 
human  stem  cells,  potentiated  their  AChE-R 
mRNA  levels  and  enhanced  their  ex  vivo 
expansion  by  early  acting  cytokines  (D  Gris- 
aru,  unpublished  observations).  These  findings 
identify  the  C-terminal  peptide  of  AChE-R 
as  an  autoregulatory  stress-responsive 
haematopoietic  element  promoting  the* 
myeloid  and  megakarocytic  expansion  charac¬ 
teristic  of  acute  and  chronic  stress  responses. 

Novel  transgenic  animal 
models  reveal  cortical 
neuropath  ologies 

Besides  the  extensively  studied  hAChE-S-trans- 
genic  mouse,  additional  transgenic  strains 
have  been  created:5*4  two  transgenics  for 
human  AChE-R,  and  another  which  expresses 
a  control  variant  of  AChE-S  that  is  catalyti- 
cally  inactive  because  of  a  seven-residue  pep¬ 
tide  inserted  near  the  active  site  (IN-AChE-S). 


Immunohistochemical  detection  of  neurofila¬ 
ments  revealed  in  the  brains  of  these  mice 
pathological  ‘corkscrew'  patterns  of  curled 
axons  with  sinusoidal  *  regularity  at  the 
somatosensory  cortex.  Cumulative  length 
measurements  of  these  processes  demonstrated 
a  significantly  more  severe  pathology  in  brains 
of  AChE-S  and  IN-AChE-S  transgenics  than  in 
AChE-R  transgenics  or  non-transgenic  con¬ 
trols.  Corkscrew  pathology  is  known  to  occur 
in  degenerating  cortical  pyramidal  neurons 
following  exposure  to  phencyclidine  (PCP), 
which  blocks  NMDA  receptors  of  cortical  7- 
aminobutyric  acid  releasing  (GABAergic) 
interneurons. ^  However,  GABAergic  cell 
counts  and  morphological  properties  of  trans¬ 
genic  somatosensory  cortices  were  indistin¬ 
guishable  from  controls,  suggesting  that  the 
corkscrew  phenotype  reflects  acutely  imbal¬ 
anced  cholinergic  inputs  to  pyramidal  neurons 
due  to  AChE-S  overproduction.  The  neu¬ 
ropathologies  of  IN-AChE-S  mice  indicate  that 
deleterious  consequences  of  AChE  increases, 
induced  by  AChE  inhibitors,  are  primarily  due 
to  the  structural  properties  of  AChE  and  may 
therefore  occur  also  in  the  presence  of  the 
inhibitor-blocked  enzyme.  At  the  same  time, 
the  limited  pathology  in  AChE-R  transgenics 
indicates  that  this  soluble,  extrasynaptic  protein 
is  designed  to  cause  minimal  damage  under 
conditions  of  its  stress-induced  overproduction. 

Very  possibly  AChE  mediates  other  stress- 
related  responses  that  are  currently  being 
investigated.  Closed-head  injury  increases  the 
risk  of  late-onset  neuropathologies  in 
humans.58  It  also  promotes  cholinergic  hyper¬ 
excitation  and  facilitates  initiation  of  the  feed¬ 
back  loop  of  AChE  overproduction  (E 
Shohami,  unpublished  observations).  This 
denotes  a  convergent  outcome  of  acute  psy¬ 
chological  stress,  chemical  inhibition  and  trau¬ 
matic  injury.  Together  with  the  demonstration 
that  a  long-term  excess  of  AChE  promotes 
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neurodeterioration,  this  suggests  that  elevated 
expression  of  ACHE  due  to  various  initial 
causes,  may  mediate  delayed  ncurodegenera- 
tive  deterioration.  This  further  implies  that 
genetic  variabilities  which  affect  the  activity  of 
the  CHE  genes  or  their  protein  products  repre¬ 
sent  important  risk  factors  that  can  determine 
susceptibility  to  neurodeterioration. 

Implications  for  anti-AChE 
therapies 

AChE  inhibitors  are  increasingly  used  in  ther¬ 
apy.  They  had  long  been  used  to  treat  glau¬ 
coma  (the  organophosphate,  tetraiso- 
propylpyrophosphoramide)  and  some  symp¬ 
toms  of  myasthenia  gravis  (the  carbamate, 
physostigmine).1  More  recently,  and  much 
more  extensively,  they  have  been  used  to  pro¬ 
tect  soldiers  from  the  anticipated  use  of  chem¬ 
ical  warfare  agents  (pyridostigmine)  and  as 
Alzheimer  disease  (AD)  drugs  (tacrine, 
donepezil,  rivastigmine,  etc.).  If  our  findings  in 
experimental  animals  are  applicable  to 
humans,  and  we  fear  they  are,  the  short-term 
benefits  of  AChE  inhibitor  therapies  will  have 
to  be  weighed  against  the  long-term  dangers  of 
neuromuscular  and  cognitive  deterioration. ^ 
In  fact,  the  danger  is  posed  not  only  by  the  use 
of  AChE  inhibitors,  but  also  by  any  condition 
that  results  in  long-term  up-regulation  of 
AChE,  such  as  seen  in  the  closed-head  injury 
and  stressed  animals. 

The  use  of  AChE  inhibitors  for  treatment  of 
neurodegenerative  diseases  is  a  rational 
approach  to  cholinergic  imbalances.60*61  Defi¬ 
cient  cholinergic  neurotransmission,  it  was 
reasoned,  can  be  enhanced  by  partially  block¬ 
ing  the  hydrolysis  of  the  neurotransmitter 
through  the  inhibition  of  AChE.  (However, 
the  presence  of  AChE  in  the  pathological  AD 
plaques62  and  its  potential  function  in  their 
formation,63  complicate  this  neat  picture.) 


Until  very  recently,  the  only  established  func¬ 
tion  of  AChE  was  termination  of  cholinergic 
neurotransmission.  Therefore,  all  of  the  con¬ 
sequences  of  its  inhibition  might  be  evaluated 
by  the  efficiency  of  inhibition  of  AChE  enzy¬ 
matic  activity  and  observation  of  cholinergic 
processes,  such  as  cognition  in  AD  patients. 
N'ow  that  additional  functions  of  AChE  are 
established,  the  effects  of  AChE  inhibitors  must 
be  more  broadly  considered.  This  is  especially 
so  as  one  of  these  newly  recognized  effects  is 
the  up-regulation  of  ACHE  expression  and  the 
other  concerns  changes  in  neurite  growth.  We 
see  abnormal  responses  to  anti-AChE  as  well  as 
detrimental  effects  of  AChE  overproduction  in 
experimental  animals/'06  and  suspect  that  they 
will  be  recognized  in  humans,  as  well.  In  line 
with  this  is  the  finding  that  in  anti-AChE  treat¬ 
ment  of  AD  patients,  the  amelioration  of  cogni¬ 
tive  decline  is  both  limited  and  temporary. 

Toward  genome-based 
antisense  therapy 

That  the  morphological  effects  of  AChE  are 
unrelated  to  the  catalytic  capacity  of  AChE 
warns  us  that  the  detrimental  consequences  of 
elevated  AChE  will  not  necessarily  be  allevi¬ 
ated  by  AChE  inhibitors.  Moreover,  the  feed¬ 
back  response  to  such  inhibition  increases  the 
amount  of  the  AChE  protein  in  the  brain  of 
treated  patients  (A  Nordberg,  personal  com¬ 
munication).  Therefore,  we  have  investigated 
the  effects  of  blocking  ChE  production  by 
specifically  interfering  with  ACHE  expression. 
Antisense  oligodeoxynucleotides  (AS-ODNs) 
targeted  to  AChE  mRNA  suppressed  the 
development  of  cultured  platelet-forming 
megakaryocytes. 17  Conversely,  the  subsequent 
increases  in  AChE-R  were  associated  with 
induced  progenitor  cell  expansion  and  sup¬ 
pressed  haematopoietic  apoptosis64  (see 
Fig.  4.5(d)).  An  antisense  cRNA,  capable  of 
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The'antisense  approach  to  suppression  of  AChE  production,  (a)  Proof  of  the  concept  When  treated  with 
nerve  growth  factor  (NGF),  PC12  cells  extend  neurites  and  express  the  AChE  protein ,  detected  on  the  cell 
surface  with  an  antibody  directed  against  the  core  AChE  protein  and  visualized  with  a  fluorescein - 
labelled  secondary  antibody  (top).  Transfection  with  a  DNA  plasmid  encoding  antisense  AS-AChE  cRNA 
to  exon  6  yielded  a  stable  phenotype  with  80%  lowered  AChE  levels  and  failure  to  extend  neurites  under 
NGF  (bottom).  Retransfection  of  the  AS-AChE  cells  with  vectors  encoding  catalytically  active  or  inactive 
AChE  or  the  AChE-homologous  protein ,  neuroligin,  rescued  the  neurite  extension  capacity  of  AS-AChE 
cells.6S  This  proves  that  antisense  suppression  can  deplete  neurons  of  their  AChE  protein,  that  such 
depletion  reversibly  impairs  neurite  growth  and  that  in  affecting  this  growth  process,  AChE  competes 
with  neuroligin.  (b)  Hypothesis  for  cytoskeletal  effects.  AChE-S  multimers,  but  notAChE-R  monomers, 
associate  with  the  plasma  membrane  through  their  amphipathic  C-terminal  tail  and/or  structural  subunits 
(e.g.  ColQ  tails67).  Proteins  with  single  transmembrane  domains  and  with  AChE-like  extracellular 
domains,  such  as  neuroligin,  can  transduce  signals  into  the  cell  which  expresses  them  through 
interactions  of  their  cytoplasmic  carboxy-terminal  domains  with  membrane-associated  guanylate  kinase 
(MAGUK)  proteins.  Extracellular  interaction  of  neuroligin  with  neurexin68  would  further  transduce  signals, 
through  yet  other  MAGUK  proteins,  into  the  other  cell.  MAGUK  proteins  are  known  to  modulate  the 
properties  of  cytoskeletal  elements,  thus  potentially  affecting  neurite  growth.6970  Therefore,  competition 
between  AChE-S  and/or  AChE-R  and  neuroligin  (or,  possibly,  other  AChE-like  proteins),  can  explain  the 
involvement  of  AChE  with  neuritogenesis,  synapse  plasticity  under  drug  exposure  and  stress  and 
perhaps  the  disruption  of  blood-brain  barrier  under  stress,  (c)  Antisense  oligodeoxynucleotide  strategy. 
The  'sense'  strand  (rightward  arrow)  of  the  ACHE  gene  is  transcribed  to  yield  the  AChE  mRNA  product. 
Chemically  protected  'antisense'  oligonucleotides  are  directed  inversely  and  form  DNA-mRNA  hybrids 
with  their  target  AChE  mRNA.66  These  hybrids  are  destroyed  by  induced  RNase  activities,  preventing 
production  of  the  AChE  protein  and  reducing  both  its  catalytic  and  its  non-catalytic  activities.7’ 


suppressing  AChE  activity,  suppressed  neurite  these  cells  (Fig.  4.6(a))  with  the  AChE- 

growth  in  mammalian  neuroendocrine  PC12  homologous  protein,  neuroligin,  which  was 

cells  cultured  with  nerve  growth  factor.65  Neu-  the  basis  for  our  theory  of  the  redundant  func- 

rite  growth  was  rescued  by  retransfecting  tion  of  these  two  proteins  (Fig.  4.6(b)). 


56 


A  CKNO  WL  EDGEMENTS 


Following  characterization  and  optimization 
of  AS-ODNs  in  cultured  cells,66  AS-AChEs  are 
being  used  in  vivo  for  improving  recovery 
from  injury  and  for  enhancing  short-term 
memory  in  the  cognitively  impaired  transgenic 
mice  with  excess  human  AChE-S  in  their  neu¬ 
rons.  .  ,  .  ,, 

Intracerebroventricular  injection  of  1  pg/kg 

doses  of  AS-AChE  ODNs  (Fig.  4.6(c))  reduces 
AChE-R  levels  and  improves  short-term 
memory  for  at  least  24  h  at  similar  efficiency 
with  the  AD  drug  tacrine,  which  is  used  in 
1000-fold  higher  doses  and  at  closely  spaced 
intervals.72  In  developing  the  next  generation 
of  antisense  agents,  we  have  synthesized  selec¬ 
tive  ribozymes  for  catalytic  destruction  of 
AChE  mRNA  transcripts.'’  If  successful,  such 
agents  may  lead  to  a  novel  approach  for  thera¬ 
peutic  suppression  of  AChE  levels  in  those  dis¬ 
eases  where  conventional  inhibitors  are  now 
being  used. 

Discussion 

Accumulated  findings  implicate  genetic  poly¬ 
morphism  and  recently  described  regulatory 
processes  that  control  expression  of  the  CHE 
genes  in  unexpected  responses  to  ChE 
inhibitors.  In  particular,  induction  of  a  pro¬ 
longed  and  exaggerated  ACHE  expression, 
associated  with  both  immediate  and  long-term 
changes  in  ACh  metabolism  following  acute 
psychological  stress,  closed-head  injury  (itself, 
a  known  AD  risk  factor)  and  exposure  to  ChE 
inhibitors.  All  of  these  insults  elicit  rapid,  tran¬ 
sient  excitation  of  cholinergic  neurons  in  the 
CHS.  Such  excitation  activates  a  feedback 
response  that  dramatically  up-regulates  AChE 
production,  mediated  by  early  immediateuan- 
scription  factors  such  as  c-fos  and  egr 4  and 
dependent  on  increases  in  free  intracellular 
calcium.  Together  with  parallel  down-regula¬ 
tion  of  the  genes  encoding  the  ACh-synthesiz- 


ing  and  ACh-packaging  proteins  choline 
acetyltransferase  and  vesicular  ACh  trans¬ 
porter,  this  leads  to  delayed  yet  persistent  sup¬ 
pression  of  electrophysiological  activity  in  the 
hippocampus.  1  This  response  causes,  within 
1  h  and  for  at  least  several  days,  a  beneficial 
calming  of  brain  hyperactivity  by  suppression 
of  the  increased  ACh  levels.  However,  studies 
with  AChE-transgenic  mice  suggest  that 
excesses  of  the  AChE  protein  in  neurons  can 
also  cause  late-onset  limitation  of  dendrite 
branching  and  depletion  of  dendritic  spines 
(i.e.  impaired  networks)  in  cortical  pyramidal 
neurons.  This  leads  to  progressively  impaired 
performance  in  tests  of  memory  and  muscle 
strength.  These  findings  suggest  that  at  least 
some  of  the  delayed  phenomena  induced  by 
AChE  excess  are  caused  by  the  AChE  protein 
per  se,  independently  of  its  hydrolytic  activity. 

The  biomedical  and  environmental  implica¬ 
tions  of  hAChE  research  indicate  that  genomic 
polymorphisms  in  the  coding  sequence  and/or 
promoters  of  the  ACHE  and  BCHE  genes 
(and  possible  additional  loci)  may  modulate 
individual  responses  to  ChE  inhibitors  in  a 
.  complex  and  yet  not  fully  predictable  manner, 
affecting  both  the  nervous  and  the 
haematopoietic  systems.  Recent  cosmid 
sequencing  and  genotyping  efforts  ha\e 
revealed  novel  polymorphisms  in  the  ACHE 
upstream  promoter  sequence.76  Such  polymor¬ 
phisms  can  alter  ACHE  expression  and/or 
properties,  affecting  both  short-  and  long-term 
manifestations  of  cholinergic  functions  in  a 
manner  that  may  increase  the  risk  for  neu- 
rodegenerative  disease  due  to  physical,  chem¬ 
ical  or  psychological  insults. 
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OPINION 

Acetylcholinesterase  —  new  roles  for 
an  old  actor 


Hermona  Soreq  and  Shlomo  Seidman 

The  discovery  of  the  first  neurotransmitter  — 
acetylcholine  —  was  soon  followed  by  the 
discovery  of  its  hydrolysing  enzyme, 
acetylcholinesterase.  The  role  of 
acetylcholinesterase  in  terminating 
acetylcholine-mediated  neurotransmission 
made  it  the  focus  of  intense  research  for 
much  of  the  past  century.  But  the  complexity 
of  acetylcholinesterase  gene  regulation  and 
recent  evidence  for  some  of  the  long- 
suspected  'non-classical'  actions  of  this 
enzyme  have  more  recently  driven  a 
profound  revolution  in  acetylcholinesterase 
research.  Although  our  understanding  of  the 
additional  roles  of  acetylcholinesterase  is 
incomplete,  the  time  is  ripe  to  summarize  the 
evidence  on  a  remarkable  diversity  of 
acetylcholinesterase  functions. 

Acetylcholine-mediated  neurotransmission1 2 
is  fundamental  for  nervous  system  function. 

Its  abrupt  blockade  is  lethal  and  its  gradual 
loss,  as  in  Alzheimer’s  disease3,  multiple  sys¬ 
tem  atrophy4  and  other  conditions5,  is  asso¬ 
ciated  with  progressive  deterioration  of  cog¬ 
nitive,  autonomic  and  neuromuscular 
functions.  Acetylcholinesterase  (AChE) 
hydrolyses  (FIG.  l)  and  inactivates  acetyl¬ 
choline,  thereby  regulating  the  concentration 
of  the  transmitter  at  the  synapse  (BOX  1). 
Termination  of  activation  is  normally  depen¬ 
dent  on  dissociation  of  acetylcholine  from  the 
receptor  and  its  subsequent  diffusion  and 
hydrolysis,  except  in  diseases  where  acetyl¬ 
choline  levels  are  limiting  or  under  AChE 
inhibition,  conditions  that  increase  the  dura¬ 
tion  of  receptor  activation6. 

Acetylcholine  hydrolysis  can  also  be  catal¬ 
ysed  by  a  related,  less-specific  enzyme  — 
butyrylchol inesterase  (BuChE,  also  known 
as  serum  cholinesterase  or  pseudo-cholin¬ 
esterase)7.  BuChE  can  replace  AChE  by 
hydrolysing  acetylcholine  and  it  can  also  act  as 
a  molecular  decoy  for  natural  anti-AChEs  by 
reacting  with  these  toxins  before  they  reach 
AChE8.  However,  AChE  seems  to  have  many 
more  functions  than  BuChE  as,  for  example, 
changes  in  levels  and  properties  of  AChE  are 
associated  with  responses  to  numerous  exter¬ 
nal  stimuli.  Here,  we  discuss  our  current 


understanding  of  AChE  functions  beyond  the 
classical  view  and  suggest  the  molecular  basis 
for  its  functional  heterogeneity. 

From  early  lo  recent  discoveries 

The  unique  biochemical  properties  and  phys¬ 
iological  significance  of  AChE  make  it  an 
interesting  target  for  detailed  structure-func¬ 
tion  analysis.  AChE-coding  sequences  have 
been  cloned  so  far  from  a  range  of  evolution- 
arily  diverse  vertebrate  and  invertebrate 
species  that  include  insects,  nematodes,  fish, 
reptiles,  birds  and  several  mammals,  among 
them  man.  Sequence  data  were  shortly  fol¬ 
lowed  by  the  first  crystal  model  for  AChE 
from  Torpedo  calif omica 9,  which  historically 
had  been  one  of  the  main  sources  of  AChE  for 
research.  Later  on,  crystal  structures  from 
mouse10,  Drosophila 11  and  man12  were 
obtained  and  found  to  be  fundamentally  sim¬ 
ilar.  Surprisingly  for  an  enzyme  with  an  extra¬ 
ordinarily  rapid  catalytic  reaction,  the  acetyl¬ 
choline  site  was  found  to  reside  at  the  bottom 
of  a  deep,  narrow  gorge  (FIG.  la).  Site-directed 
mutagenesis  studies13  have  also  delineated 
many  of  the  ligand-binding  features  of  this 
enzyme,  particularly  a  peripheral  binding  site 
that  had  been  identified  in  kinetic  studies  and 
that  seems  to  be  fundamental  for  some  of  the 
‘non-classical’  functions  of  AChE. 

AChE  can  be  classified  in  several  ways. 
Mechanistically,  it  is  a  serine  hydrolase.  Its  cat¬ 
alytic  site  contains  a  catalytic  triad  —  serine, 
histidine  and  an  acidic  residue  (TABLE  l)  —  as 
do  the  catalytic  sites  of  the  serine  proteases 
such  as  trypsin,  several  blood  clotting  factors, 
and  others.  However,  the  acidic  group  in 
AChE  is  a  glutamate,  whereas  in  most  other 
cases  it  is  an  aspartate  residue.  The  nucle¬ 
ophilic  nature  of  the  carboxylate  is  trans¬ 
ferred  through  the  imidazole  ring  of  histidine 
to  the  hydroxyl  group  of  serine,  allowing  it  to 
displace  the  choline  moiety  from  the  sub¬ 
strate,  forming  an  acetyl-enzyme  intermedi¬ 
ate  (FIG.  lb).  A  subsequent  hydrolysis  step  frees 
the  acetate  group.  Understanding  of  the  cat¬ 
alytic  properties  of  the  protein  has  assisted  in 
our  understanding  of  its  inhibition  by 
organophosphate  and  carbamate  inhibitors 
(BOX  2).  However,  several  questions  remain  to 


be  answered  regarding  AChE  catalysis;  for 
example,  the  mechanism  behind  the 
extremely  fast  turnover  rate  of  the  enzyme. 
Despite  the  fact  that  the  substrate  has  to  navi¬ 
gate  a  relatively  long  distance  to  reach  the 
active  site,  AChE  is  one  of  the  fastest 
enzymes14.  One  theory  to  explain  this  phe¬ 
nomenon  has  to  do  with  the  unusually  strong 
electric  field  of  AChE.  It  has  been  argued  that 
this  field  assists  catalysis  by  attracting  the 
cationic  substrate  and  expelling  the  anionic 
acetate  product15.  Site-directed  mutagenesis, 
however,  has  indicated  that  reducing  the  elec¬ 
tric  field  has  no  effect  on  catalysis16.  However, 
the  same  approach  has  indicated  an  effect  on 
the  rate  of  association  of  fasciculin,  a  peptide 
that  can  inhibit  AChE17. 


Figure  1  |  Acetylcholinesterase,  a  |  Structural 
features  of  the  enzyme.  X-ray  crystallography  has 
identified  an  active  site  at  the  bottom  of  a  narrow 
gorge,  lined  with  hydrophobic  amino-acid  side 
chains.  At  the  time,  the  catalytic  triad  was  unique 
among  serine  hydrolases  in  having  a  glutamate 
side  chain  in  lieu  of  the  familiar  aspartate  side 
chain.  A  choline-binding  site  featured  hydrophobic 
tryptophan  residues  instead  of  the  expected 
anionic  groups;  a  peripheral  binding  site  has  also 
been  identified  by  site-directed  mutagenesis, 
b  |  The  acetylcholinesterase  (AChE)  reaction. 
AChE  promotes  acetylcholine  hydrolysis  by 
forming  an  acetyl-AChE  intermediate  with  the 
release  of  choline,  and  the  subsequent  hydrolysis 
of  the  intermediate  to  release  acetate. 
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Crystallography  and  sequence  analysis 
have  identified  a  group  of  related  enzymes 
and  non-catalytic  proteins.  Some  of  these  are 
transmembrane  proteins  with  cytoplasmic 
domains  and  extracellular  AChE-homologous 
domains  that  share  the  unique  topography  of 
AChE  and  its  strong  electric  field  (TABLE  i)18. 
On  the  basis  of  their  structures,  all  of  these 
are  classified  as  ot/p-fold  proteins;  on  the 
basis  of  their  electric  fields,  they  are  classified 
as  electrotactins19. 

AChE  genes  from  different  species  are 
organized  and  sequentially  spliced  in  a  man¬ 
ner  associated  with  distinct  domains  in  their 
protein  products.  They  include  sites  for  alter¬ 
native  splicing  of  the  pre-mRNA  both  at  the 
5'  (REFS  20,21)  and  3'  ends22.  Alternative  splic¬ 
ing  allows  the  production  of  three  distinct 
AChE  variants,  each  with  a  different  carboxy- 
terminal  sequence  —  the  ‘synaptic’  (S),  ery¬ 
throcytic’  (E)  and  ‘readthrough’  (R)  AChE 
isoforms.  The  carboxy-terminal  sequences 
determine  their  homologous  assembly  into 
AChE  oligomers  and  their  heterologous  asso¬ 
ciation  with  non-catalytic  subunits  that 
direct  the  subcellular  localization  of  the  pro¬ 
tein.  In  AChE-S,  a  cysteine  located  three 
residues  from  the  carboxyl  terminus  of  the 
human  protein  allows  dimerization  by  disul¬ 
phide  bridging.  Two  additional  monomers 
can  become  associated  by  hydrophobic  inter¬ 
actions23.  These  tetramers  can  attach  cova¬ 
lently  to  a  hydrophobic  P  subunit  or  to  a  col¬ 
lagen-like  protein  known  as  the  T  subunit24. 
The  collagen-like  subunit  has  a  polyproline 
sequence  that  can  form  a  triple-helical  struc¬ 
ture  that  bundles  together  4, 8  or  12  AChE-S 
subunits23.  In  AChE-E,  a  glycyl  bond  near  the 
carboxyl  terminus  undergoes  transamidation 
to  attach  a  glycophosphatidylinositol  group 
to  the  protein,  which  anchors  the  mature 
AChE-E  to  the  outer  surface  of  erythrocytes25. 
AChE-R  does  not  seem  to  have  any  feature 
that  allows  for  its  attachment  to  other  mole¬ 
cules  and  it  remains  monomeric  and  soluble. 
Last,  it  must  be  pointed  out  that  another 
nomenclature  labels  the  synaptic  and  ery¬ 
thropoietic  variants  according  to  properties 
of  the  proteins26  —  they  are  termed  T 
(tailed),  and  H  (hydrophobic) ,  respectively. 
The  many  guises  in  which  AChE-T  occurs 
are  also  known  as  G  for  globular  and  A  for 
asymmetric. 

Multiple  activities  of  AChE 

The  idea  that  AChE  has  multiple,  unrelated 
biological  functions  is  not  obvious  and, 
indeed,  was  not  readily  accepted.  Cyto- 
chemical  data,  however,  attested  to  spatio- 
temporally  regulated  expression  of  AChE 
during  very  early  embryogenesis27,  during 


Box  1  |  The  cholinergic  synapse 


In  the  presynaptic  neuron,  choline- 
acetyltransferase  (ChAT)  catalyses  the 
synthesis  of  acetylcholine  (ACh)  from  choline 
and  acetyl-coenzyme  A  (panel  a).  ACh  is 
packaged  in  synaptic  vesicles  via  a  vesicular 
ACh  transporter  (vAChT).  Action  potentials 
trigger  the  release  of  ACh  into  the  synaptic 
cleft,  where  ACh  can  bind  to  muscarinic 
receptors  located  on  the  pre-  and  postsynaptic 
membrane.  Muscarinic  M2  receptors  (M2)  on 
the  presynaptic  membrane  regulate  ACh 
release  via  a  negative  feedback  response.  At  the 
postsynaptic  site,  Ml  receptors  transduce 
signals  through  a  pathway  involving 
diacylglycerol  (DAG),  inositol- 1,4,5- 
trisphosphate  (Ins(l,4,5)P3)  and  a  Ca2+- 
dependent  protein  kinase  (PKC).  In  the 
hippocampus,  most  of  the  postsynaptic 
receptors  are  of  the  Ml  subtype;  in  the  cortex 
M2  receptors  might  also  be  located  on  the 
postsynaptic  membrane.  Genomic  disruption 
of  the  Ml  receptor  impairs  the  activation  of 
several  signal-transduction  pathways  and 
explains  why  muscarinic  excitation  is  the 
primary  cause  of  seizures106.  ACh  is  hydrolysed 
in  the  synaptic  cleft  by  AChE-S  tetramers, 
which  are  indirectly  attached  to  the 
neuromuscular  junction  by  a  collagen-like 
tail5,  or  by  another  structural  subunit  to  brain 
synapses107.  AChE-R  monomers  would  remain 
soluble  within  the  synaptic  cleft.  A  high- 
affinity  choline-uptake  mechanism  returns 
choline  to  the  presynaptic  neuron. 

Brain  distribution  of  AChE  includes  both 
acetylcholine-releasing  and  cholinoceptive 
neurons.  Panel  b  shows  a  cranial  section  of  a 
brain  stained  for  AChE  activity  (reproduced 

with  permission  from  REF.  108  ©  (1997)  Harcourt).  Note  pronounced  activity  in  the  amygdala 
and  caudate-putamen  (striatum),  and  clearly  detectable  activity  in  the  cortex  and  hippocampus. 
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embryonic  neurite  extension  and  muscle 
development  and  before  synaptogenesis28  29. 
In  addition,  the  enzyme  was  also  found  in 
adult  non-cholinergic  neurons,  and  in 
haematopoietic,  osteogenic  and  various  neo¬ 
plastic  cells.  Early  reports  of  a  soluble,  secret¬ 
ed,  monomeric  form  of  AChE30  prompted 
the  idea  that  this  enzyme  could  have  non- 
enzymatic  functions.  Gradually,  this  encour¬ 
aged  a  small  but  persistent  group  of  investi¬ 
gators  to  argue  for  the  existence  of 
‘non-classical’  activities  for  AChE31.  Some  of 
the  currently  proposed  functions  are  based 
merely  on  correlations  and  circumstantial 
evidence,  and  might  yet  be  disproved.  For 
example,  the  suggestion  that  AChE  has 
intrinsic  proteolytic  activity  was  argued  for 
several  years  (for  example,  REF.  32) ,  but  even¬ 
tually  was  proved  wrong  by  careful  separa¬ 
tion  of  the  two  activities33.  Other  activities, 


however,  have  been  confirmed  and  several 
research  groups  have  established  their  mole¬ 
cular  foundations. 

Neuritogenesis.  The  first  non-classical  activity 
of  AChE  that  was  clearly  distinguished  from 
its  hydrolytic  capacity  was  its  role  in  neurito- 
genesis.  Exogenous  purified  AChE  promoted 
neurite  growth  from  chick  nerve  cells  in  cul¬ 
ture  and,  whereas  several  active-site  inhibitors 
failed  to  attenuate  this  effect34,  an  inhibitor  of 
the  peripheral  site  did  block  neuritogenesis35. 
Transfection  with  AChE  or  with  antisense 
AChE  cRNA-encoding  vectors  subsequently 
showed  neuritogenic  acitivity  of  the  enzyme 
in  neuroblastoma  cells36,  in  phaeochromocy- 
toma  (PC  12)  cells37  and  in  primary  dorsal 
root  ganglion  neurons38.  Similarly,  Xenopus 
motor  neurons  that  expressed  human  AChE-S 
showed  enhanced  neurite  growth  rates  (FIG.  2) . 
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Box  2  |  Natural  and  man-made  anti-cholinesterases _ 

Owing  to  its  critical  role  in  acetylcholine-mediated  neurotransmission,  AChE  is  a  sensitive  target 
for  both  natural  and  synthetic  cholinergic  toxins.  Among  the  natural  anti-AChEs  are  plant- 
derived  carbamates  and  glycoalkaloid  inhibitors105.  A  natural  inhibitor  of  AChE  was  also  found  in 
a  mollusc110.  Blue-green  algae  are  equipped  with  anatoxins111,  highly  effective  toxins  that  block 
the  active  site.  Green  mamba  venom  includes  the  neurotoxic  peptide  fasciculin,  which  blocks 
entrance  to  the  active  and  the  peripheral  sites  of  AChE10.  Use  of  anti-AChEs  as  defence  and  attack 
weapons  in  nature,  therefore,  preceded  their  use  by  humans. 

Synthetic  anti-AChEs  were  first  studied  and  manufactured  as  highly  poisonous 
organophosphate  and  carbamate  nerve  gases  and  insecticides.  In  the  clinic,  controlled  use  of 
AChE  inhibitors  has  proved  valuable  for  the  treatment  of  diseases  that  involve  compromised 
acetylcholine-mediated  neurotransmission  (BOX  4). 

The  phosphate  or  carboxylate  group  of  the  active-site  inhibitor  acts  like  the  carboxyl-ester  group 
of  a  substrate  to  produce  a  stable  phosphate  or  carboxylate  ester,  analogous  to  the  acetyl-enzyme 
intermediate  of  catalysis.  In  this  form,  the  enzyme  is  unavailable  for  its  physiological  function.  The 
figure  shows  the  reaction  of  AChE  with  the  organophosphate,  sarin,  a  chemical  warfare  agent. 

A  A 

I  I 

0=p — F  +  .Ser-AChE  — ►  0  ~  P — O  —  Ser- AChE  +  HF 
I  HO  I 

CH3  ch3 

After  inhibition  of  AChE  by  organophosphates  and  carbamates,  a  slow  spontaneous  hydrolysis 
of  the  blocked  enzyme  regenerates  an  active  enzyme.  However,  with  organophosphate  poisons, 
some  of  the  acidic  hydroxyl  groups  on  the  phosphate  are  esterified;  slow  spontaneous  hydrolysis 
of  these  ester  groups  renders  the  phosphoryl-AChE  permanently  inactive.  Antidotes  for  such 
poisoning  have  been  developed  to  accelerate  enzyme  regeneration112.  The  slow  reactivation  of 
AChE  was  the  basis  of  the  use  of  pyridostigmine  during  the  Gulf  War  as  a  prophylactic  in 
anticipation  of  the  use  of  organophosphate  poisons  (see  BOX  3) .  It  was  argued  that  the  prior 
blocking  of  AChE  with  pyridostigmine  (a  physostigmine  derivative)  prevents  reaction  with  an 
organophosphate,  and  the  slow  reactivation  regenerates  AChE  activity  after  the  threat  of 
poisoning  has  passed.  The  feedback  response  to  anti-AChEs,  including  pyridostigmine64, 
indicates  that  AChE  over-production  might  function  as  an  additional  protective  mechanism 
against  organophosphate  poisoning. 


Cell  adhesion.  The  adhesive  properties  of  the 
AChE  core  domain  with  the  variant -specific 
carboxyl  termini  removed  were  studied  in  cul¬ 
ture  experiments  using  Drosophila  cells. 
Chimeras  were  constructed  in  which  the 
AChE-homologous  domain  of  the  cell-adhe¬ 
sion  protein  neurotactin39  was  replaced  with 
the  homologous  Drosophila  or  Torpedo  AChE 
core.  These  chimeras  retained  the  adhesive 
properties  in  a  homotypic  cell -aggregation 
assay40,  whereas  AChE  alone  showed  no  such 
cell-adhesion  property.  However,  AChE,  unlike 
neurotactin,  lacks  a  transmembrane  domain. 
It  was  therefore  argued  that  soluble  AChE 
(that  is,  AChE-R)  might  compete  with  its 
structural  homologues  for  their  binding  part¬ 
ners,  and  thus  convey  or  interrupt  morpho- 
genic  signals  into  neurons37  (FIG.  3).  However, 
the  participation  of  AChE  in  interactions  of 
this  type  remains  to  be  directly  shown. 

Synaptogenesis.  A  synaptogenic  function  of 
AChE  that  depended  on  its  catalytic  proper¬ 
ties41  has  been  observed  in  microinjected 
Xenopus  tadpoles.  However,  synaptogenic 
activity  has  been  also  shown  for  neuroligin. 


another  non-catalytic  transmembrane  pro¬ 
tein  that  has  an  AChE-homologous  extracel¬ 
lular  domain  and  a  carboxy-terminal  cyto¬ 
plasmic  tail.  When  expressed  in  non-neuronal 
cells,  neuroligin  induced  synaptic  vesicle  clus¬ 
tering  and  presynaptic  differentiation  in  adja¬ 
cent  axons.  This  phenomenon  was  prevented 
by  the  addition  of  the  extracellular  domain  of 
p-neurexin,  a  binding  partner  of  neuroligin42, 
which  can  presumably  also  bind  AChE. 
Combined  with  the  immunohistochemical 
proof  of  the  presence  of  neuroligin  in  adult 
excitatory  brain  synapses43,  these  findings 
indicate  a  probable  involvement  of  neuroligin 
in  synapse  development  and  remodelling. 
Again,  the  actual  role  of  AChE  in  this  phe¬ 
nomenon,  if  any,  remains  to  be  tested  in  a 
more  direct  manner. 

Activation  of  dopamine  neurons.  Real-time 
Chemiluminescence  has  been  used  to  visualize 
AChE  release  from  dendrites  of  dopamine 
neurons  in  mammalian  substantia  nigra44. 
Purified  recombinant  AChE  was  later  shown 
by  the  same  group  to  enhance  dopamine 
release  from  midbrain  dopamine  neurons45. 


This  non-classical  autocrine  phenomenon 
remains  to  be  independently  confirmed  by  the 
use  of  other  approaches,  but  it  might  prove  to 
be  of  physiological  relevance. 

Amyloid  fibre  assembly.  AChE  has  been 
reported  to  promote  amyloid  fibre  assembly46. 
The  same  group  found  that  this  activity  was 
blocked  by  the  peripheral -site  inhibitor  pro- 
pidium,  but  not  by  the  active-site  AChE 
inhibitor  edrophonium,  clearly  identifying  this 
assembly-promoting  activity  as  a  non-classical 
AChE  function.  AChE-amyloid-p  complexes 
showed  AChE  activity  that  was  resistant  to 
low  pH,  lacked  the  substrate  inhibition  that  is 
characteristic  of  the  enzyme  and  had  reduced 
sensitivity  to  anti-AChEs,  properties  that  had 
previously  been  shown  histochemically  for 
AChE  activity  associated  with  Alzheimer’s 
disease  plaques3.  The  limitations  of  this  study, 
however,  include  the  high  concentration  of 
AChE  that  was  needed  to  bind  and  promote 
amyloid  fibre  formation.  In  addition,  only 
AChE  binds  amyloid  fibrils  in  vitro,  but  both 
AChE  and  BuChE  bind  it  in  vivo. 

Haematopoiesis  and  thrombopoiesis. 
Haematopoietic  and  thrombopoietic  activi¬ 
ties  were  first  proposed  for  AChE  on  the  basis 
of  its  presence  in  blood-cell  progenitors47,48. 
Recent  analyses  have  shown  transcriptional 
activation  of  ACHE  during  haemaglutinin- 
induced  lymphocyte  activation.  Inhibitor 
tests  have  suggested  a  mixed  involvement  of 
both  catalytic  and  non-classical  properties  in 
this  process49.  Transient  suppression  and  sub¬ 
sequent  overproduction  of  AChE  after  treat¬ 
ment  with  antisense  oligodeoxynucleotides 
induced  myeloid  proliferation  in  mouse 


Figure  2  |  Neuritogenesis.  The  growth  of  neurites 
in  cultured  motor  neurons  from  Xenopus  tadpoles 
was  studied  by  time-lapse  photography4’.  Rates  of 
growth  were  observed  in  normal  tadpoles  and 
transgenics  bearing  coding  sequences  for  human 
AChE-S  (S),  AChE-R  (R),  an  enzyme  with  no 
variant-specific  carboxyl  terminus  (core),  or  an 
enzymatically  inactive  AChE-S  into  which  a  seven - 
amino-acid  stretch  was  inserted  near  the  active 
site  (Sin).  Comparison  with  control  values  is  shown. 
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Table  1  |  The  ot/p-fold  superfamily* 

Protein 

Cholinesterases 

Origin 

Triad 

residues 

Intra¬ 

molecular 

disulphides 

Splicing 

variants 

Trans¬ 

membrane 

domain 

Glyco- 

phosphotipid 

linkage 

Assembly 

potential 

Acetylcholinesterase 

Mammalian 

SEH 

123 

+ 

- 

+ 

+ 

Acetylcholinesterase 

Torpedo 

SE  H 

1  23 

+ 

- 

+ 

+ 

Butyrylcholinesterase 

Mammalian 

SEH 

1  23 

- 

- 

- 

+ 

Cholinesterase 

Other  esterases 

Insect 

SEH 

1  23 

+ 

+ 

Carboxylesterases 

Mammalian 

SEH 

1  2- 

- 

- 

- 

- 

Cholesterol  esterase 

Mammalian 

SDH 

1  2- 

_ 

- 

- 

" 

Esterases  6  and  P 

Insect 

SDH 

1  2- 

- 

- 

- 

- 

Esterase  B1 

Culex 

SEH 

1  -- 

- 

- 

- 

_ 

Juvenile  hormone  esterase 

Heliotis 

SEH 

1  __ 

- 

- 

- 

_ 

D2  esterase 

Dictostelium 

SEH 

1  23 

- 

- 

_ 

- 

Crystal  protein 

Dictostetium 

SEH 

1  23 

- 

- 

- 

- 

Lipases 

Non-enzyme  proteins 

Geothricum,  Candida 

SEH 

1  2- 

Thyroglobulin 

Mammalian 

—  H 

1  23 

- 

- 

- 

— 

Neuroligin 

Mammalian 

-EH 

1  2- 

+ 

+ 

- 

Neurotactin 

Drosophila 

-EH 

1  23 

- 

+ 

- 

- 

Glutactin 

Drosophila 

— 

1  2- 

- 

- 

- 

- 

Gliotactin 

Drosophila 

— 

1  2- 

- 

+ 

- 

~ 
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Sequence  alignments  show  two  prototype  'signatures'  in  all  of  these,  one  near  the  serine  at  the  enzyme  active  site  (prosite  accession  no.  PS001  22)  and  the  other  close 
to  the  amino  terminus,  with  a  conserved  cysteine  involved  in  disulphide  bridging  (prosite  accession  no.  PS00941).  The  non-enzyme  proteins  include  a  growing  number 
with  AChE -homologous  extracellular  domains  and,  in  some  cases,  a  single  transmembrane  region  with  a  protruding  cytoplasmic  domain  that  can  interact  with 
intracellular  signalling  proteins.  Note  that  the  possibilities  of  glycophospholipid  linkage  and  multisubunit  assembly  are  unique  to  the  cholinesterases,  whereas  the 
conserved  positions  of  the  three  (presumed)  intramolecular  disulphide  bonds  have  been  evolutionary  conserved  in  many  of  the  members  of  this  superfamily.  The  triad  is 
complete  only  in  those  members  of  the  superfamily  that  are  enzymes.  These  findings  are  summarized  from  REF.  18. 


bone-marrow-cell  cultures50.  This  finding 
might  explain  the  increased  risk  of  leukaemia 
among  users  of  anti-AChE  pesticides51,  as 
anti-AChEs  induce  AChE  overproduction52.  A 
related  issue  is  whether  AChE  can  itself  be 
tumorigenic.  The  ACHE  gene  is  frequently 
amplified,  mutated  or  deleted  in  DNA  from 
leukaemic  patients53  54,  supporting  the  idea 
that  it  is  involved  in  myeloid  proliferation. 
However,  no  mechanism  has  yet  been  pro¬ 
posed  to  explain  this  effect,  and  it  is  not  known 
whether  the  mechanism  is  directly  related  to 
enzyme  activity. 

The  heterogeneity  of  non-classical  func¬ 
tions  of  AChE  is  further  complicated  by  the 
difficulty  of  distinguishing  these  functions 
from  its  classical  regulatory  role  in  terminat¬ 
ing  acetylcholine-mediated  neurotransmis¬ 
sion.  For  example,  it  is  likely  that  AChE 
would  have  both  types  of  activity  at  acetyl¬ 
choline  neurons.  However,  inhibitor  blockade 
of  its  hydrolytic  activity  does  not  necessarily 
block  its  non-classical  functions.  To  under¬ 
stand  the  relationship  between  the  forms  and 
functions  of  AChE,  a  deeper  insight  is  needed 
into  the  molecular  origins  of  the  functional 
heterogeneity  of  AChE. 


Regulation  of  ACHE  expression 

Functional  heterogeneity  in  AChE  activity  is 
regulated  at  the  transcriptional,  post-tran¬ 
scriptional  and  post-translational  levels,  lead¬ 
ing  to  complex  expression  patterns  that 
reflect  tissue  and  cell-type  specificity,  differen¬ 
tiation  state,  physiological  condition  and 
response  to  external  stimuli.  The  concentra¬ 
tion  of  AChE  in  a  tissue,  the  distribution  of  its 
alternative  isoforms,  its  mode  of  oligomeric 
assembly,  and  its  subcellular  disposition,  gly- 
cosylation55  and  proteolytic  processing,  are  all 
subject  to  modulation  through  mechanisms 
that  are  not  fully  understood.  Changes  in 
most  of  these  steps  have  indeed  been  shown 
to  regulate  the  functional  heterogeneity  of 
AChE  variants  (for  example,  REFS  56-58) . 

Transcription-regulated  heterogeneity.  Trans¬ 
criptional  control  of  AChE  production 
depends  on  a  principal  and  an  alternative 
proximal  promoter21’59,  on  a  distal  enhancer 
domain60,  and  on  an  internal  enhancer  posi¬ 
tioned  within  the  first  intron61.  Sequential 
splicing  of  AChE  pre-mRNA  and  regulation 
at  the  5'  and  3'  ends  yields  tissue-,  cell-type- 
and  developmental-state-specific  regulation 


that  provides  rapid  responses  to  physiological 
stimuli  (FIG.  4). 

Physiological  cues  that  induce  ACHE  tran¬ 
scription  include  cell  differentiation62,  reduced 
AChE  levels63  and  acetylcholine-mediated 
excitation  elicited  by  exposure  to  anti-AChE 
agents  and  various  traumatic  insults64,65. 
AChE  production  increases  during  nervous 
system  development  in  avian28  and  mam¬ 
malian  systems  (for  example,  REF.  66) ,  and  is 
subject  to  regulation  by  the  nerve  growth  fac¬ 
tor  receptor  TrkA67.  In  situ  hybridization  and 
cytochemical  studies  have  shown  transient 
AChE  activation  in  thalamic  neurons  during 
mammalian  development68,  and  muscle  dif¬ 
ferentiation  is  associated  with  transcriptional 
activation  of  the  ACHE  gene  in  subsynaptic 
nuclei62. 

The  ACHE  gene  retains  a  certain  level  of 
plasticity  in  the  adult.  In  neocortical  and  hip¬ 
pocampal  neurons,  various  external  stimuli 
induce  rapid,  long-lasting  activation  of  ACHE 
expression.  In  fact,  psychological  stress64,  envi¬ 
ronmental  stimuli  (anti-AChE  intoxication)60 
and  head  injury69  increase  ACHE transcrip¬ 
tion  (FIG.  4).  It  is  presumed  that  the  initial  stim¬ 
ulus  induces  excitation  through  acetylcholine 
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Figure  3  |  Proposed  mechanism  of  some  non-classical  AChE  functions.  AChE-S  (blue)  is  shown  by 
a  folded  line,  as  are  the  homologous  regions  of  neurotactin  (magenta)  and  neuroligin-1  (green).  AChE-S 
linked  to  the  membrane  through  a  structural  subunit  (orange)  might  be  associated  with  p-neurexin  (yellow) 
in  a  neighbouring  molecule  or  one  embedded  in  the  same  membrane  (left).  Alternatively,  if  they  are 
embedded  in  pre-  and  postsynaptic  sites,  neuroligin  and  p-neurexin  might  mediate  cell-cell  adhesion 
(right).  Neurotactin  might  adhere  to  another  neurotactin  molecule  (not  shown),  or  be  linked  to  AChE 
through  a  yet-to-be  identified  bridging  protein  (?,  purple).  Core  AChE,  or  similar  proteins  cannot  form  any 
of  these  interactions  by  themselves.  However,  when  the  homologous  region  of  AChE  replaced  a  region  of 
neurotactin,  the  chimeric  protein  retained  the  cell-cell  adhesion  capacity  of  the  original  neurotactin40  It  has 
therefore  been  proposed37  that  AChE-R,  which  lacks  the  anchor  to  the  membrane,  might  compete  with 
neurotactin,  neuroligin-1  or  AChE-S  and  modify  cell-cell  interactions  and  intracellular  signalling. _ 


release  and  feedback  overexpression  of  AChE 
acts  to  dampen  excessive  neurotransmission 
back  towards  normal  levels64.  This  is  impor¬ 
tant  both  for  acetylcholine-mediated  neuro- 
transmission  and  for  other  brain  circuits 
modulated  by  acetylcholine,  for  example,  glu¬ 
tamate-mediated  transmission  in  the  hip¬ 
pocampus70.  Excess  AChE  can  also  protect  the 
organism  from  anti-AChEs  toxicity,  which  has 
been  shown  in  injection  experiments71 . 

Transcriptional  activation  is  common  to 
many  genetically  determined  responses  to 
drugs  and  has  been  observed,  for  example,  for 
cytochrome  P450  proteins72.  However,  in 
addition  to  transcriptional  activation,  AChE 
mRNA  transcripts  in  neuron,  muscle  and 
blood  cells  are  subject  to  calcineurin-con- 
trolled,  differentiation-induced  stabiliza¬ 
tion56,73.  Both  these  processes  can  increase  the 
amount  of  AChE  when  and  where  it  is  need¬ 
ed,  with  AChE-R  mRNA  being  significantly 
less  stable  than  AChE-S  mRNA56.  This  fact 
should  be  of  specific  interest,  as  anti-AChEs 
are  routinely  used  in  the  treatment  of  patients 
with  Alzheimer’s  disease74. 

Chronically  overproduced  AChE  can  be 
expected  to  change  acetylcholine  balance, 
inducing  activity-dependent,  secondary  feed¬ 
back  responses  in  the  nervous  system.  In 


AChE-overproducing  transgenic  mice,  acetyl¬ 
choline  levels  are  reduced  but  acetylcholine- 
mediated  neurotransmission  is  compensated 
by  increases  in  high-affinity  choline  transport 
and  acetylcholine  synthesis75. 

Last,  transcriptional  activation  would  also 
impinge  on  the  non-classical  actions  of  AChE. 
The  consequences  associated  with  this  effect 
are  still  unknown  but  they  might  be  relevant 
to  ongoing  discussions  on  Gulf  War  syn¬ 
drome76  (BOX  3)  and  the  danger  of  terrorist 
attacks  with  nerve  gas77. 

Mutation-related  phenotypes.  Congenital 
myasthenia  has  been  traced  to  a  mutation 
not  in  ACHE  itself  but  in  the  COLQ  gene, 
which  encodes  the  collagen-like  structural 
subunit  of  neuromuscular  AChE-S24,78. 
Natural  amplification  or  mutation  of  the 
Drosophila  ache  gene  results  in  insecticide 
resistance79,  which  is  an  inherited  response  to 
environmental  exposure.  Amplification  of 
the  human  BCHE  gene,  which  encodes 
BuChE,  has  also  been  shown  in  the  case  of 
one  family  of  farmers  exposed  to  similar 
insecticides80.  Nucleotide  polymorphisms  in 
the  human  ACHE  gene  are  rare,  and  have  a 
mild  or  no  effect  on  the  protein  properties. 
Histidine  substitution  for  asparagine  at  posi¬ 


tion  322  creates  the  Ytb  blood  group,  indicat¬ 
ing  that  this  residue  might  be  part  of  an 
exposed  epitope  in  AChE-E.  Its  frequency  is 
higher  in  the  Middle  East  as  compared  with 
European  populations81,82.  Nevertheless,  the 
H322N  mutation  has  no  effect  on  the  cat¬ 
alytic  properties  of  the  enzyme.  The  negligi¬ 
ble  polymorphism  in  the  ACHE  gene,  in 
comparison  with  the  abundant  mutations  in 
the  homologous  BCHE  gene83,  has  been 
interpreted  as  a  reflection  of  the  absolute 
necessity  of  a  functional  AChE.  Chemical 
hypersensitivity  to  anti-AChEs  was  found  in 
human  carriers  of  an  autosomal-dominant 
transcription-activating  deletion  in  a  distal 
ACHE  enhancer  domain60.  Parallel  hypersen¬ 
sitivity  associated  with  progressive  learning, 
memory  and  neuromuscular  impairments 
was  found  in  mice  with  a  moderate  overpro¬ 
duction  of  transgenic  human  AChE-S84, 
indicating  that  the  level  of  this  protein  must 
be  kept  within  a  narrow  window.  It  was 
therefore  surprising  that  genomic  disruption 
of  the  mouse  ACHE  gene  yielded  unhealthy, 
yet  viable  homozygotes85.  However,  whereas 
AChE  can  be  temporarily  replaced  by  BuChE, 
its  absence  becomes  lethal  within  three 
weeks8.  One  possibility  to  explain  this  finding 
is  that  AChE,  unlike  BuChE,  has  three  alter¬ 
native  variants,  with  potentially  distinct 
functions.  It  is  therefore  important  to  discuss 
the  functional  significance  of  alternative 
splicing  of  the  ACHE  gene. 

Specific  functions  for  splice  variants? 

Transcriptional  activation  of  ACHE  is  often 
associated  with  a  shift  in  its  splicing  pattern, 
leading  to  accumulation  of  the  rare  AChE-R 
variant.  For  example,  AChE-R  mRNA  levels 
increased  considerably  within  30  minutes  of 
confined  swim  stress,  or  after  exposure  to 
anti-AChEs  or  acetylcholine  analogues. 
Similar  effects  have  been  observed  in  mam¬ 
malian  brain  neurons  in  vivo  after  stress,  in 
cortical  and  hippocampal  neurons  in  brain 
slices  and  in  cultured  HEK293  cells.  This 
shift  depends  on  neuronal  activity,  mus¬ 
carinic  signalling  and  intracellular  Ca2+  levels. 
In  fact,  AChE-R  accumulation  can  be  inhib¬ 
ited  in  brain  slices  by  tetrodo toxin  or  by  the 
Ca2+  chelator  BAPTA-AM64,  and  it  is  facilitat¬ 
ed  by  transfection  with  the  Ml  muscarinic 
receptor  in  HEK293  cells86.  After  head  injury, 
neuronal  AChE-R  accumulation  persists  for 
over  two  weeks69. 

Stress-induced  alternative  splicing  also 
modifies  K+  channels87  and  is  regulated  by 
neuronal  activity- dependent  transcriptional 
changes  in  several  splicing  regulatory 
proteins88  (FIG.  4).  In  ACHE  gene  expression, 
alternative  splicing  changes  the  ratio  of  the 
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Figure  4  |  The  human  ACHE  gene  and  its  alternative  messenger  RNAs.  The  core  of  human  AChE  is 
encoded  by  three  exons  and  parts  of  additional  regions  encode  the  variant-specific  carboxy-terminal 
sequences.  Transcription  begins  at  El ,  and  E2  encodes  a  leader  sequence  that  does  not  appear  in  any 
mature  protein.  In  addition  to  a  proximal  promoter  (red  line  adjacent  to  El),  a  distal  enhancer  region  (more 
distal  red  line)  is  rich  in  potential  regulatory  sequences,  some  of  which  are  shown  as  wedges.  The 
transcriptional  activation  of  ACHE  by  cortisol58  is  probably  due  to  the  distal  glucocorticoid  response 
element  (GRE).  A  deletion  mutation  in  this  region  disrupts  one  of  two  HNF3  (hepatocyte  nuclear  factor  3) 
binding  sites,  a  factor  that  also  activates  transcription60.  Intron  1  (II)  contains  an  enhancer  sequence56,57 
indicated  by  a  red  dot.  Nucleotide  numbers  are  those  of  GeneBank  cosmid  AF002993.  Normally,  much 
more  AChE-S  than  AChE-R  mRNA  is  produced,  but  under  stress  or  inhibition  of  AChE,  alternative  splicing 
produces  much  more  of  the  AChE-R  mRNA.  _ 

Animated  online 


multimeric  AChE-S  to  the  monomeric 
AChE-R  variant.  These  variants  share  a  similar 
hydrolytic  activity,  but  differ  in  their  cellular 
and  subcellular  distribution  and  might  have 
distinct  non-classical  functions.  In  nematodes, 
for  example,  four  different  genes  encode  dis¬ 
tinct  AChE  variants.  They  resemble  the  mam¬ 
malian  variants  in  their  carboxyl  termini89, 
further  emphasizing  the  likelihood  of  isoform- 
specific  functions.  Unequivocal  evidence  for 
variant-specific  differences  in  the  non-classical 
functions  of  AChE  is  still  sparse.  Nevertheless, 
some  information  attesting  to  such  functions 
now  exists. 

Variant-specific  protein  transport.  The  loca¬ 
tion  of  AChE-S  in  the  neuromuscular  junc¬ 
tion  (NMJ)  has  been  studied  in  great 
detail90.  Enzyme  clustering  was  found  to  be 
mediated  by  the  heparan  sulphate  proteo¬ 
glycan  perlecan  and  to  involve  complex  for¬ 
mation  with  dystroglycan91 .  In  microinject- 
ed  Xenopus  tadpoles,  transgenic  AChE-S 
accumulated  in  the  NMJ,  whereas  AChE-R 
was  found  in  epidermal  cells92.  AChE-S,  but 
not  AChE-R,  would  adhere  to  the  active 
zone  at  the  NMJ  (see  REF.  93  for  a  tomo¬ 
graphic  microscopic  analysis  of  these  junc¬ 
tions).  Transgenic  mice  with  a  disrupted 
ColQ  collagen-like  AChE-S  subunit  have 
congenital  myasthenia94,  demonstrating  that 
AChE-S  is  an  essential  component  of  the 
NMJ.  However,  the  secretory,  soluble 
AChE-R  might  also  change  acetylcholine 
balance  in  the  synaptic  cleft52  and/or  com¬ 
pete  with  AChE-homologous  proteins  (for 
example,  neuroligin)  for  interaction  with 
their  binding  partners  (BOX  l). 


Induction  of  process  extension.  When  ex¬ 
pressed  in  developing  Xenopus  motor  neu¬ 
rons,  human  AChE-S  but  not  AChE-R  or  a 
carboxy-terminal  truncated  AChE,  promoted 
neurite  extension.  This  neuritogenic  function 
was  independent  of  the  catalytic  capacity,  as  a 
catalytically  inactive  AChE-S  variant  retained 
this  function41.  This  finding  argues  for  a  neu¬ 
ritogenic  activity  of  the  carboxy-terminal 
sequence  that  is  unique  to  AChE-S.  A  limita¬ 
tion  of  this  study,  however,  is  that  it  tested  a 


biological  function  of  the  human  protein  in 
the  evolutionarily  remote  Xenopus  system. 
However,  differences  between  AChE-S  and 
AChE-R  were  also  observed  in  mammalian 
glia.  In  rat  C6  glioma,  transfected  AChE-S 
induced  process  extension  but  AChE-R  facili¬ 
tated  the  formation  of  small,  round  cells95.  No 
molecular  mechanism  has  yet  been  proposed 
for  this  function. 

Reguiation  of  stress-induced  disorders.  Trans¬ 
genic  mice  expressing  human  AChE-R  show 
lower  levels  of  stress-associated  hallmarks  of 
pathology  (accumulation  of  heat-shock  pro¬ 
teins,  presence  of  reactive  glia  and  curled 
neurites) ,  whereas  transgenic  animals  with 
human  AChE-S  show  accelerated  stress- 
related  pathology96.  AChE-S  transgenic  ani¬ 
mals,  which  fail  to  respond  to  external  stimuli 
by  AChE-R  overproduction,  are  exceptionally 
sensitive  to  closed-head  injury69  and  to  expo¬ 
sure  to  AChE  inhibitors60.  This  indicates  a 
probable  physiological  relevance  for  the 
alternative  splicing  of  AChE  in  response  to 
stressors,  although  it  is  not  yet  clear  whether 
the  stress- induced  changes  in  AChE  expres¬ 
sion  are  a  cause  or  an  effect.  In  addition,  the 
stress-induced  AChE-R  protein  seems  to  be 
cleaved  to  yield  its  unique  carboxy-terminal 
peptide  (which  by  itself  has  haematopoietic 
growth-factor-like  action),  increasing  DNA 
replication  and  survival  of  CD34+  progeni¬ 
tors  in  human  blood  cell  cultures  and  in 
mice  subjected  to  confined  swim  stress58. 


Box  3  |  Gulf  War  syndrome _ _ _ 

The  heterogeneous  cognitive  and  physiological  impairments  reported  by  veterans  of  the  1991 
Persian  Gulf  War  are  informally  referred  to  as  the  Gulf  War  syndrome  (GWS) .  During  the  war, 
soldiers  were  exposed  to  harsh  weather  conditions,  high  levels  of  anti-AChE  insecticides  and 
numerous  vaccinations.  In  addition,  the  peripherally  acting  carbamate  anti-AChE, 
pyridostigmine  bromide,  was  administered  as  a  prophylactic  in  anticipation  of  chemical  warfare. 
In  short-term  peacetime  tests,  pyridostigmine  caused  no  incapacitation  and  elicited  minimal 
central  nervous  system  effects113.  However,  factor  analysis  indicated  delayed,  but  significant, 
impairment  of  cognition,  ataxia  and  arthro-myo-neuropathy  in  some  veterans.  These  symptoms 
were  interpreted  to  reflect  exposure  to  centrally  acting  anti-AChEs114.  The  idea  that  GWS  is 
related,  at  least  in  part,  to  the  use  of  anti-AChEs  in  the  war  suggested  a  role  for  polymorphism  in 
the  ACHE,  BCHE and  paraoxonase  genes  (for  example,  REF.  60) ,  or  battlefield  stress1 1 5  as  factors 
promoting  neurological  symptoms  and  muscle  weakness.  It  was  argued  that  the  psychological 
stress  associated  with  war  conditions  impaired  the  integrity  of  the  blood-brain  barrier  (BBB), 
allowing  penetrance  of  the  otherwise  peripheral-acting  inhibitor  pyridostigmine  into  the 
brain116,  where  it  activated  ACHE  transcription64.  Although  stress-induced  BBB  leakage  was 
difficult  to  reproduce  by  some117,118  (perhaps  because  perfusion  removed  the  over-produced 
secretory,  soluble  AChE-R),  more  recent  studies  confirmed  the  stress-promoted  BBB  disruption 
and  attributed  at  least  part  of  it  to  brain  mast-cell  activation 1 19.  Moreover,  anti-AChEs  were 
reported  to  facilitate  viral  invasion  of  the  nervous  system120,  and  stress  was  found  to  increase 
lethality  of  low  levels  of  an  anti-AChE  pesticide121 ,  further  strengthening  the  links  between  stress, 
AChE  and  BBB  integrity.  So,  the  possibility  that  exposure  to  anti-AChEs  together  with  acute 
stress  and  a  compromised  immune  system  might  have  contributed  to  the  cholinergic 
consequences  of  GWS  cannot  be  ruled  out,  a  conclusion  also  of  the  Rand  Corp  report  on  the 
pyridostigmine  and  GWS  literature. 
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Box  4  |  Reassessing  the  role  of  ACHE  in  neurological  disease _ 

Pharmacological  inhibitors  of  AChE  are  important  in  controlling  diseases  that  involve  impaired 
acetylcholine-mediated  neurotransmission.  For  example,  Alzheimer’s  disease  involves  selective 
loss  of  cholinergic  neurons  in  the  brain122.  In  myasthenia  gravis,  auto-antibodies  reduce  the 
number  of  nicotinic  acetylcholine  receptors  at  the  neuromuscular  junction123.  AChE  inhibition 
increases  the  synaptic  concentration  of  acetylcholine  and  allows  a  higher  occupancy  rate  and 
longer  duration  at  its  receptor124.  Nevertheless,  anti-AChE  therapeutics  do  not  address  the 
aetiology  of  the  diseases  for  which  they  are  used. 

Neurodegenera  tion 

Neuritic  plaques  from  Alzheimer’s  patients  include  catalytically  active  AChE3.  Transgenic  mice 
overexpressing  AChE  show  progressive  cognitive  deficits  and  neuropathological  markers  (for 
example,  cortical  dendrite  and  spine  loss)  reminiscent  of  Alzheimer’s  disease125.  Also, 
AChE-amyloid-p  complexes  were  more  neurotoxic  than  amyloid-p  peptides  alone126,  suggesting 
that  AChE  imbalances  might  be  involved  in  neurodeterioration.  Last,  increased  AChE  levels  were 
reported  in  the  brains  of  transgenic  mice  that  express  the  carboxy- terminal  fragment  of  the 
amyloid-p  protein127.  Reconsideration  of  the  rationale  and  expectations  of  conventional  anti- 
AChE  therapeutics  is  therefore  required,  as  anti- AChEs  induce  AChE  accumulation  in 
cerebrospinal  fluid65. 

Neuromotor  dysfunction 

In  chickens,  muscle  dystrophy  is  associated  with  changes  in  AChE  properties128  129.  In  humans, 
congenital  myasthenia  might  be  caused  by  ColQ  mutations5  24,  and  standard  treatment  of 
myastenia  gravis  includes  life-long  administration  of  AChE  inhibitors.  However,  AChE  inhibitors 
promote  overexpression  of  AChE-R  in  muscle,  and  exert  dire  effects  on  muscle  integrity  and 
neuromuscular  junction  structure  in  healthy  mice52.  This  suggests  that  AChE-R  might  participate 
in  the  aetiology  of  myopathic  syndromes  and  questions  the  potential  long-term  effects  of  anti- 
AChE  drugs  on  disease  progression.  The  unexplained  muscle  weakness  reported  by  some  of  the 
Gulf  War  veterans  who  were  exposed  to  various  anti- AChEs  might  also  be  relevant  here  (see  BOX  3) . 

Antisense  suppression  makes  sense 

In  vivo  antisense  destruction  of  AChE  mRNA  using  chemically  protected  oligonucleotides 
directed  against  AChE  messenger  RNA  prevents  AChE  overproduction  induced  by 
organophosphate  AChE  inhibitors  in  muscle52,  arrests  the  haematopoietic  process  elicited  by  this 
overproduction  under  acute  psychological  stress58  and  improves  survival  and  recovery  from 
closed-head  injury69.  Antisense  agents,  therefore,  emerge  as  a  promising  alternative  to  anti-AChE 
therapeutics,  especially  as  this  is  the  only  approach  that  promises  a  degree  of  selectivity  among 
the  several  variants  of  AChE58. 


Prospects 

There  are  many  challenges  left  regarding  the 
non-classical  functions  of  AChE.  First,  it  is 
necessary  to  substantiate  the  nature  of  the 
protein  regions  and  the  amino -acid  residues 
that  mediate  non-classical  activities.  Second, 
additional  AChE  binding  partners  that  trans¬ 
fer  morphogenic  signals  into  the  cell  must  be 
identified.  Third,  the  intracellular  signalling 
cascades  that  translate  AChE-mediated  events 
into  altered  cellular  properties  should  be 
delineated  and  the  physiological  significance 
of  such  cascades  should  be  tested.  To  this  end, 
two-hybrid97  and/or  phage- display98  screens 
can  guide  us  to  new  protein  partners. 
Mutagenesis  and  co -crystallization  of  these 
protein  pairs  can  reveal  the  nature  of  their 
interactions.  Conditional  genetic  disruption 
of  AChE  variants  and  their  protein  partners99 
combined  with  DNA-microarray  analyses100 
can  reveal  the  biological  pathway(s)  in  which 
these  interactions  are  involved. 

At  the  level  of  the  whole  organism,  the 
various  animal  models  with  up-  or  downreg- 


ulated  ACHE  gene  expression  permit  behav¬ 
ioural,  electrophysiological  and  developmen¬ 
tal  studies.  Mating  AChE-overexpressing  mice 
with  transgenic  animals  that  overexpress  the 
human  amyloid-p  might  prove  the  involve¬ 
ment  of  AChE  in  the  aetiology  of  Alzheimer’s 
disease  (BOX  4).  Moreover,  the  morphogenic 
capacities  that  are  peculiar  to  AChE  indicate 
that  it  might  modify  the  differentiation  of 
embryonic  stem  cells101.  Finally,  positron 
emission  tomography  of  AChE  activity  might 
be  developed  to  the  level  of  real-time  imaging 
of  this  enzyme  in  the  human  brain.  Tracers 
that  are  hydrolysed  by  AChE  already  permit 
measurement  and  imaging  of  AChE  activity 
in  humans  and  have  shown  a  reduction  of 
cerebral  AChE  activity  in  Alzheimer’s102  and 
Parkinsons  diseases103.  Further  development 
of  this  approach  can  make  AChE  a  sensitive, 
reliable  biosensor  of  changes  in  acetylcholine- 
mediated  neurotransmission,  perhaps  even 
under  stressful  conditions. 

One  of  the  key  challenges  in  this  field  is  to 
search  for  the  physiological  functions  of  the 


different  splice  variants.  Whereas  previous 
theories  on  the  involvement  of  AChE  in  neu¬ 
rophysiology  were  largely  limited  to  acetyl¬ 
choline-mediated  neurotransmission,  acetyl¬ 
choline  is  known  to  modulate  additional 
circuits,  for  example,  glutamate-mediated 
hippocampal  activity70.  It  would  be  very 
interesting  to  know,  for  example,  if  the  solu¬ 
ble  AChE-R  monomers  secreted  under  stress 
serve  to  modulate  glutamate-mediated  neuro¬ 
transmission  or  affect  the  stress -induced 
changes  in  long-term  potentiation104  or  long¬ 
term  depression105. 

Together,  data  obtained  by  geneticists,  neu¬ 
robiologists  and  biochemists  during  the  past 
few  years  forcefully  argue  that  the  AChE  story 
continues.  Once  again,  the  infinite  complexity 
of  nature  is  shining  through,  demanding  a 
new  look  at  an  old  friend. 
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Abstract 

The  acetylcholine-hydrolyzing  enzyme,  acetylcholi¬ 
nesterase,  is  the  molecular  target  of  approved  drugs  for 
Alzhiemer's  disease  and  myasthenia  gravis.  However, 
recent  data  implicate  AChE  splicing  variants  in  the  etiol¬ 
ogy  of  complex  diseases  such  as  AD  and  MG.  Despite  the 
large  arsenal  of  anti-AChE  drugs,  therapeutic  inhibitors 
are  primarily  targeted  towards  an  active  site  shared  by  all 
variants.  In  contrast,  anti-sense  oligonucleotides  attack 
unique  mRNA  sequences  rather  than  tertiary  protein 
structures.  AS-ODNs  thus  offer  a  means  to  target  gene 
expression  in  a  highly  discriminative  manner  using  very 
low  concentrations  of  drug.  In  light  of  the  likely  role(s)  of 
specific  AChE  variants  in  various  diseases  affecting 
cholinergic  neurotransmission,  the  potential  contribution 
that  anti-sense  technology  can  make  towards  improved 
approaches  to  anti-AChE  therapeutics  deserves  serious 
attention. 

IMA J 2000;2( Suppl):81-85 

The  high  specificity  of  anti-sense  oli¬ 
gonucleotides 

Anti-sense  oligonucleotides  are  short  synthetic  DNA 
chains,  usually  15-25  nucleotides  long,  that  have  been 
designed  to  hybridize  with  a  target  messenger  RNA 
according  to  the  rules  of  Watson-Crick  base-pairing  [1,2]. 
The  cellular  uptake  of  oligonucleotides  is  not  well  under¬ 
stood.  However,  once  inside  the  cell,  the  AS-ODN  finds 
its  complementary  mRNA  and  forms  an  RNA-ODN  du¬ 
plex.  The  action  of  RNAseH  upon  the  nascent  hybrid 
results  in  AS-ODN-mediated  destruction  of  the  target 
RNA.  To  protect  AS-ODNs  from  nucleolytic  degradation, 
chemically  modified  analogs  have  been  developed  that 
display  both  prolonged  and  enhanced  anti-sense  effects. 
Common  modifications  include  substitution  of  a  non¬ 
bridging  oxygen  in  the  phosphodiester  backbone  with 
sulfur  (phosphorothioate  modification),  and  replacement  of 
the  5'  and/or  3'  terminal  bases  of  the  ODN  with  2T-0- 
methyl  ribonucleotides.  Since  each  of  these  modifications 


AChE  =  acetylcholinesterase 

AD  =  Alzheimer's  disease 

MG  =  myasthenia  gravis 

AS-ODNs  =  anti-sense  oligonucleotides 


has  its  own  unique  advantages  and  disadvantages,  it  is 
becoming  accepted  to  combine  variably  modified  nucleo¬ 
tides  into  what  are  known  as  mixed-base  oligonucleotides. 
AS-ODNs  have  been  used  to  study  a  variety  of  medically 
relevant  nervous  system  proteins,  including  ion  channels, 
neurotransmitter  receptors,  neuropeptides  and  enzymes 
[Table  1].  Indeed,  remarkable  success  has  been  reported 
using  anti-sense  technology  to  dissect  the  roles  of  closely 
related  and  pharmacologically  indistinguishable  proteins  in 
the  central  nervous  system  [3]. 

Current  anticholinesterase 
pharmacology 

Acetylcholinesterase  is  responsible  for  the  control  of 
neurotransmission  at  cholinergic  synapses  and  neuromus¬ 
cular  junctions  by  hydrolyzing  acetylcholine.  Rapid  hy¬ 
drolysis  of  ACh  removes  excess  neurotransmitter  from 
the  synapse,  preventing  overstimulation  and  tetanic 
excitation  of  the  postsynaptic  cell.  For  this  reason,  AChE 
is  the  target  protein  of  pesticides  and  chemical  warfare 


Table  1.  Examples  of  nervous  system  proteins  studied  using 
anti-sense  oligonucleotides 


Potassium  channels 

N.  Meiri,  et  al.f  Proc  Natl  Acad  Sci  USA 
1997;94:4430-4 

N.  Meiri,  et  al.,  Proc  Natl  Acad  Sci  USA 
1998;95:15037-42 

Dopamine  receptors 

J.M.  Tepper,  et  a!.,  J  Neurosci 
1997;17:2519-30. 

cAMP  response 

S.B.  Lane  Ladd,  et  al.,  J  Neurosci 

element-binding 

1997;17:7890-901 

protein  (CREB) 

R.  Lamprecht,  et  al.,  J  Neurosci 
1997;17:8443-50. 

Neuropeptide  Y; 

P.S.  Kalra,  et  al.,  Methods  Enzymol 

galanin 

2000;314:184-200 

Opioid  receptors 

G.W.  Pasternak,  Y  X.  Pan,  Methods 
Enzymol  2000;2314:51-60 

P.  Sanchez-Blazquez,  et  al..  Antisense 
Nucleic  Acid  Drug  Dev  1999;9:253-60 

Neuronal  nitrous  oxide 

Y.A.  Kolesnikov,  et  al.,  Proc  Natl  Acad 

synthetase  (nNOS) 

Sci  USA  1997;94:8220-5 

Cyclic  nucleotide 
phosphodiesterases 
(PDE) 

P.M.  Epstein,  Methods  1998;14:21-33 

ACh  =  acetylcholine 
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Genome-Based  Approach  to  Anticholinesterase  Drug  Development 


agents  [4,5].  At  the  same  time,  controlled  use  of  AChE 
inhibitors  plays  a  leading  role  in  therapeutic  strategies 
designed  to  enhance  the  cholinergic  system.  The  rationale 
behind  the  clinical  use  of  anticholinesterases  is  that  AChE 
blockade  extends  the  half-life  of  released  ACh,  thereby 
enhancing  postsynaptic  signals  in  patients  with  compro¬ 
mised  cholinergic  function.  Indeed,  the  extensive  use  of 
anticholinesterase  therapies  highlights  their  clinical  value. 
Nevertheless,  accumulated  experience  attests  to  the 
limited  extent  and  duration  of  clinical  effects  achieved 
with  pharmacological  AChE  inhibitors.  Recent  advances  in 
molecular  and  cellular  biology  suggest  several  explana¬ 
tions  to  account  for  limitations  of  classic  anticholi¬ 
nesterase  therapeutics  and  suggest  a  novel  genome-based 
approach. 

Specificity  in  anticholinesterase 
pharmaceuticals 

A  primary  challenge  confronting  anticholinesterase  phar¬ 
macology  is  to  overcome  the  structural  and  functional 
homology  between  AChE  and  butyrylcholinesterase,  also 
known  as  "serum  cholinesterase"  [6,7].  AChE  and  BChE 
are  carboxylesterase  type  B  serine  hydrolases  with  52% 
identity  [8].  Both  enzymes  degrade  acetylcholine.  How¬ 
ever,  AChE  is  very  specific  in  its  substrate  recognition, 
while  BChE  recognizes  a  broad  range  of  substrates.  For 
this  reason,  it  has  been  suggested  that  circulating  plasma 
BChE  serves  a  scavenging  function,  protecting  AChE 
from  naturally  occurring  inhibitors.  At  the  same  time, 
however,  BChE  will  also  scavenge  anticholinesterase 
drugs,  elevating  the  dose  necessary  to  achieve  inhibition 
at  the  target  organ.  To  complicate  the  issue,  the  large 
number  of  polymorphic  BChE  variants  with  differing 
affinities  for  inhibitors  was  predicted  to  confer  inheritable 
variations  in  the  sensitivity  of  individuals  to  anti-AChE 
drugs  and  poisons  [9].  The  AChE/BChE  specificity  prob¬ 
lem  has  been  partially  overcome  with  the  development  of 
AChE  inhibitors,  demonstrating  up  to  1,000-fold  prefer¬ 
ence  for  AChE  [10].  Nevertheless,  the  minimal  homology 
displayed  by  AChE  and  BChE  at  the  level  of  the  gene 
makes  these  sequences  completely  non-overlapping 
targets  for  an  anti-sense-based  drug. 

AChE  variants 

A  new  dimension  to  the  question  of  specificity  with  regard 
to  AChE  inhibitors  emerged  as  molecular  cloning  revealed 
that  alternative  splicing  gives  rise  to  three  distinct  AChE 
isoforms  [11,12].  The  presumed  target  of  all  anticholi¬ 
nesterase  therapeutics  is  the  “synaptic”  AChE-S  isoform 
with  its  unique  40  amino  acid,  amphiphilic,  C-terminal 
peptide.  A  second,  erythrocyte-bound  form,  AChE-E,  is 
presumed  to  participate  with  BChE  in  scavenging  blood- 
borne  inhibitors,  including  drugs  of  abuse  [13].  Until 
recently,  AChE-S  and  AChE-E  were  considered  the 
primary  factors  in  the  development  of  anticholinesterase 


drugs.  Recently,  the  rare  “readthrough  ”  AChE-R  isoform 
was  discovered  to  undergo  dramatic  upregulation  under 
some  conditions,  including  acute  psychological  stress, 
closed  head  injury,  and  exposure  to  AChE  inhibitors 
[14,15].  This  finding  suggested  that  AChE-R  plays  a  role 
in  the  body's  response  to  stress  [16,17].  In  addition,  it 
raised  the  possibility  that  the  balance  between  AChE-R 
and  AChE-S  carries  important  implications  for  health  and 
disease.  These  studies  therefore  challenge  us  to  develop 
inhibitors  that  selectively  target  specific  AChE  variants. 
However,  the  differences  in  the  affinities  of  inhibitors  for 
AChE-S  and  AChE-R  are  small  (Salmon  et  ah,  submitted), 
suggesting  an  anti-sense  approach  to  the  problem  of 
isoform-specific  inhibition  of  AChE. 

Transgenic  models  of  AChE  over¬ 
expression 

The  discovery  that  traumatic  insults  and  AChE  inhibitors 
elicit  feedback  over-expression  of  AChE-R  highlights  the 
complexity  of  anticholinesterase  therapeutics  on  the  one 
hand,  and  the  need  to  understand  the  physiological  role  of 
AChE-R  on  the  other.  To  examine  these  issues,  we 
produced  transgenic  mice  over-expressing  various  AChE 
isoforms.  Mice  over-expressing  AChE-S  in  CNS  neurons 
displayed  an  age-dependent  tendency  for  increased  AChE- 
R  that  was  associated  with  neuromotor  and  cognitive 
impairments  that  presented  features  of  human  neurologi¬ 
cal  diseases  [18-20].  In  contrast,  transgenic  mice  over¬ 
expressing  AChE-R  from  birth  were  relatively  free  of  age- 
dependent  markers  of  neuronal  stress  [21].  These  studies 
indicate  that  the  long-term  balance  between  AChE-S  and 
AChE-R  may  be  a  critical  element  mediating  outcomes  of 
AChE  responses. 

Avoiding  feedback 

Electrophysiological  recordings  in  hippocampal  brain  slices 
indicated  that,  overproduction  of  AChE-R  is  initiated  by  the 
acute  cholinergic  stimulation  resulting  from  abrupt  pharma¬ 
cological  blockade  of  AChE  [14].  Moreover,  novel  polymor¬ 
phisms  in  the  upstream  promoter  region  of  the  human 
ACHE  gene  locus  encoding  AChE  have  been  associated 
with  acute  hypersensitivity  to  anticholinesterase  drugs 
[22].  Anti-sense  technology  offers  two  solutions  to  this 
problem.  First,  the  relative  instability  of  AChE-R  vs.  AChE- 
S  mRNA  [23]  suggests  that  AS-ODNs  could  be  aimed 
primarily  at  AChE-R,  leaving  AChE-S  and  cholinergic 
neurotransmission  intact.  Moreover,  by  blocking  produc¬ 
tion  of  new  AChE  rather  than  neutralizing  existing  AChE, 
anti-sense  suppression  of  enzyme  activity7  occurs  more 
slowly  than  that  of  conventional  drugs.  Gradual  inhibition 
allows  the  target  tissue  to  adapt  to  graded  increases  in  ACh 
concentrations.  Finally,  thanks  to  the  anti -mRNA  nature  of 
anti-sense  blockade,  oligonucleotide  doses  can  be  tailored 
to  suppress  de  novo  expression  of  the  ACHE  gene  (N. 
Galyam  and  H.  Soreq,  unpublished  data). 


BChE  =  butyrylcholinesterase 
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Non-catalytic  activities  of  ACHE 

In  addition  to  its  long-recognized  role  in  hydrolyzing 
acetylcholine,  AChE  exerts  profound  effects  on  neurite 
outgrowth  and  cell  adhesion  [7,24].  These  activities  were 
proven  to  be  independent  of  ACh  hydrolysis  [25]  and  were 
tentatively  attributed  to  homologies  between  ACHE  and 
cholinesterase-like  cell  adhesion  molecules  like  Droso¬ 
phila  neurotactin  and  mammalian  neuroligins  [26-28]. 
Non-catalytic  activities  of  AChE  have  been  tentatively 
mapped  to  the  peripheral  anionic  site,  but  were  not  yet 
shown  to  be  affected  by  conventional  anticholinesterase 
drugs.  Moreover,  since  damaging  effects  of  over¬ 
expressed  AChE-R  may  be  related  to  non-catalytic  activi¬ 
ties,  cholinesterase  inhibitors  may  actually  aggravate 
certain  conditions  by  elevating  the  levels  of  catalytically 
inactivated  AChE  via  the  feedback  loop.  Since  anti-sense 
technology  targets  production  of  the  protein,  rather  than 
the  activity  of  existing  enzyme,  AS-ODNs  offer  a  potential 
solution  to  this  problem  as  well. 

Anti-AChE  anti-sense  oligonucleotides 
-  where  do  we  stand? 

AS-ODNs  to  AChE  have  been  demonstrated  effective  in 
vitro  and  in  vivo ,  especially  in  the  hematopoietic  system 
[29-31].  First-generation  anti-AChE  AS-ODNs  were 
prepared  in  unmodified  or  fully  phosphorothioated  forms 
[32]  and  then  in  partially  phosphorothioated  form.  Reduc¬ 
ing  the  phosphorothioate  content  minimized  'Cytotoxicity 
without  compromising  activity  [33].  Two  AChEAS-ODNs, 
AS1  and  AS3  [23],  demonstrated  potent  inhibition  of 
AChE  in  rat  pheochromocytoma  PC  12  cells  (up  to  50%)  at 
extremely  low  nanomolar  concentrations.  Substitution  of 
2'-0-methyl-modified  ribonucleotides  at  the  three  termi¬ 
nal  3’  positions  conferred  a  wide  effective  window  (0.02— 
200  nM;  N.  Galyam  and  H.  Soreq,  manuscript  in  prepara¬ 
tion)  and  became  the  routine  configuration  for  AS-ODN 
synthesis  in  our  laboratory.  In  osteosarcoma  Saos-2  cells, 
2  nM  AS-ODN  blocked  AChE  and  modified  proliferation, 
reinforcing  evidence  that  AChE  plays  a  role  in  mammalian 
osteogenesis  [34].  The  pronounced  effects  elicited  by 
such  low  concentrations  of  AS-ODN  predict  reduced  costs 
and  minimal  non-specific  side  effects  of  future  anti-sense 
therapies. 

Potential  applications 
Anticholinesterase  exposures 

The  association  between  AChE  inhibitors,  AChE  feed¬ 
back,  and  neuromuscular  impairments  [7,35]  suggests 
AChE  AS-ODNs  for  treating  anticholinesterase  intoxica¬ 
tion.  During  the  Persian  Gulf  War,  several  hundred  thou¬ 
sand  soldiers  received  the  carbamate  AChE  inhibitor 
pyridostigimine  to  protect  them  against  threatened 
chemical  warfare.  A  recent  Rand  Corporation  report 
(Document  no.  MR-1018/2-OSD)  prompted  the  U.S. 
Defense  Department  to  acknowledge  that  pyridostigmine 
cannot  be  ruled  out  as  a  possible  contributor  to  various 


unexplained  symptoms  experienced  by  Gulf  War  veterans, 
including  muscle  weakness  [36].  In  light  of  our  knowledge 
about  the  AChE  feedback  loop,  the  detrimental  effects  of 
over-expressed  AChE  on  muscle  [37],  and  the  fact  that  no 
clinical  protocol  has  been  implemented  to  treat  muscle 
weakness  among  Gulf  War  veterans,  we  suggest  that  this 
may  represent  an  appropriate  arena  in  which  to  test  the 
utility  of  anti-sense  therapy  for  neuromuscular  impair¬ 
ments.  The  regrettably  high  incidence  of  agricultural 
anticholinesterse  poisoning  incidents  in  Israel  alone 
(about  500  per  year)  suggests  another  potential  applica¬ 
tion  for  anti-AChE  ODN  drugs. 

Neuromuscular  disease 

Myasthenia  gravis  is  a  debilitating  neuromuscular  disease 
characterized  by  muscle  weakness  and  deterioration  of 
neuromotor  function  [38].  MG  results  from  autoimmune 
antibody-mediated  depletion  of  acetylcholine  receptors 
from  neuromusclular  junctions.  AChE  inhibitors  such  as 
Mestinon  -  a  commercial  formulation  of  pyridostigmine  - 
treat  the  symptoms  of  MG  but  do  not  slow  its  progres¬ 
sion. [39].  Moreover,  the  pharmacological  effects  of  anti¬ 
cholinesterase  drugs  are  short-lasting,  and  relatively  high 
doses  of  these  medications  must  be  taken  up  to  six  times 
per  day  for  many  years.  It  has  even  been  suggested  that 
pyridostigmine  may  contribute  to  progressive  deteriora¬ 
tion  in  muscle  function  [40].  In  this  light,  it  is  not  surpris¬ 
ing  that  a  promising  AChE  inhibitor  for  Alzheimer's 
disease  was  withdrawn  from  clinical  trials  after  some 
patients  reported  muscle  weakness  (SCRIP  World  Phar¬ 
maceutical  News.  1998,  No.  2374.  P.  19).  We  demon¬ 
strated  that  the  AChE  feedback  loop  is  active  in  muscle, 
and  that  AS3  suppresses  inhibitor-induced  over¬ 
expression  of  AChE  in  mice  [37].  In  that  study,  80  pgdcg 
AS3  blocked  anticholinesterase-induced  accumulation  of 
catalytically  active  AChE  in  muscle  by  60%,  and  sup¬ 
pressed  the  accompanying  increase  in  motor  endplates. 
These  experiments  proved  that  AS-ODNs  can  suppress 
both  catalytic  and  morphogenic  activities  of  muscle  AChE 
in  vivo.  Tests  in  rats  with  experimental  autoimmune 
myasthenia  are  in  progress  (in  collaboration  with  T. 
Brenner). 

Head  trauma 

Closed  head  injury  is  a  major  cause  of  death  among  young 
adults  [41,42]  and  a  risk  factor  in  non-familial  Alzheimer’s 
disease  [43].  Effective  treatment  should  therefore  con¬ 
sider  survival,  recovery,  and  prevention  of  delayed  neuro¬ 
logical  disorders.  We  observed  elevated  AChE-R  mRNA 
in  brains  of  mice  subjected  to  CHI  [14].  A  single  in- 
tracerebroventricular  administration  of  0.5  ug  AS3  within 
one  hour  of  injury  blocked  the  accumulation  of  AChE-R 
mRNA  and  the  excessive  dendritic  growth  accompanying 
it.  In  AChE  transgenic  mice,  anti-sense  treatment  reduced 
mortality,  facilitated  recovery  and  protected  CA3  hippo¬ 
campal  neurons.  These  findings  demonstrated  the  poten¬ 
tial  of  anti-sense  therapeutics  in  emergency  medicine  and 
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suggest  the  application  of  AChE  AS-ODN  to  protect 
against  the  long-term  consequences  of  traumatic  insults  to 
the  nervous  system. 

Neurodegenerative  disease 

Alzheimer’s  disease  is  a  debilitating  neurodegenerative 
disease  characterized  by  progressive  deterioration  of 
cognitive  faculties  including  learning,  memory,  problem 
solving  and  abstract  thinking.  The  cholinergic  theory  of 
AD  suggests  that  loss  of  cholinergic  neurons  leaves  a 
relative  deficit  of  acetylcholine  in  the  brain  regions  that 
mediate  learning  and  memory  [44].  The  only  approved 
drugs  for  AD  are  potent  AChE  inhibitors  [45].  Neverthe¬ 
less,  the  cognitive  improvement  afforded  by  conventional 
anticholinesterase  therapy  is  limited.  Moreovei,  recent 
studies  suggest  that  AChE  plays  a  role  in  AD  that  goes 
beyond  the  cholinergic  theory  [46,47].  Indeed,  the  puta¬ 
tive  role  of  AChE  as  an  active  component  in  the  progress 
of  AD  may  explain  the  disappointing  performance  of  AChE 
inhibitors  in  providing  effective  long-term  improvement. 
Using  surgically  implanted  cannulae  to  deliver  nanomolar 
quantities  of  AS3  to  the  cerebrospinal  fluid  of  cognitively 
impaired  transgenic  mice,  we  are  testing  the  effects  of 
anti-sense  therapy  on  performance  in  behavior  models 
such  as  social  exploration  and  spatial  navigation  (0.  Cohen 
et  ah,  Abstract  to  the  Israel  Society  of  Neuroscience, 
Eilat,  1999).  Nevertheless,  the  challenge  of  bringing  AS- 
ODN  technology  to  CNS  therapeutics  faces  yet  unre¬ 
solved  technical  limitations.  Among  the  most  difficult 
issues  to  resolve  is  the  poor  transport  of  oligonucleotides 
across  the  blood-brain-barrier  [2] 

Conclusions 

Advances  in  our  understanding  of  the  molecular  and  cellu¬ 
lar  mechanisms  of  action  of  AChE  allow  us  to  postulate 
mechanisms  explaining  the  limitations  of  conventional 
anticholinesterase  pharmacology.  These  limitations  are 
likely  based  on  non-catalytic  activities  of  AChE  isoforms 
and  a  feedback  loop  leading  to  over-expression  of  AChE 
following  acute  blockade  of  enzymatic  activity.  At  the  same 
time,  cloning  of  the  human  ACHE  gene  opened  the  door  to 
novel  strategies  to  suppress  AChE  biosynthesis  using  anti- 
sense  technology.  These  advances  in  basic  research  allow 
us  to  think  ahead  to  the  application  of  AS-ODN-based  drugs 
to  future  anticholinesterase  therapeutics. 
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I.  INTRODUCTION 

Separation  of  the  brain  from  the  peripheral  blood  is  crucial  for  protecting  this  most 
delicate  and  important  organ  from  various  insidious  agents  that  circulate  in  the  blood. 
Conversely,  the  separation  must  allow  for  the  nutrition  of  the  brain  and  the  removal 
from  it  of  waste  products.  The  existence  of  a  physical  barrier  that  separates  the  brain 
tissue  from  the  general  circulation  was  first  proposed  100  years  ago,  by  Ehrlich,  who 
discovered  that  injection  of  a  series  of  dyes  into  laboratory  animals  resulted  in  uncol¬ 
ored  brains,  as  opposed  to  highly  stained  visceral  organs.1  The  blood-brain  barrier 
(BBB)  is  formed  during  the  late  embryonic  and  early  postnatal  period.  It  is  an 
endothelial  barrier  present  in  the  capillaries  throughout  the  brain,  contact-influenced 
by  neighboring  astrocytes.2  Electron  microscopic  studies  reveal  two  major  factors 
that  distinguish  brain  endothelial  cells  from  their  peripheral  relatives:  first,  they  con¬ 
tain  lower  amounts  of  endocytic  vesicles,  and  second,  the  space  between  adjacent 
cells  is  sealed  by  tight  junctions;  both  factors  restrict  intercellular  flux.  These  features 
enable  the  formation  of  a  barrier  that  hinders  the  entry  of  most  xenobiotics  into  the 
brain,  and  is  actively  involved  in  exporting  such  substances  from  the  brain  when  they 
do  enter  it.  Small  lipophilic  molecules  enter  the  brain  fairly  freely,  but  hydrophilic 
molecules  enter  via  active  transport,  and  specific  transporters  exist  for  required  nutri¬ 
ents  such  as  glucose,  L-DOPA,  and  certain  amino  acids. 

The  physical  and  functional  complexity  of  the  BBB  has  hampered  research 
efforts  to  delineate  its  components  and  fully  understand  its  mode  of  action.  Numerous 
experimental  approaches  were  developed  for  evaluating  BBB  integrity;  these  include 
in  vitro  and  in  vivo  systems  as  well  as  transgenic  engineering  approaches.  The  use  of 
these  methods  has  revealed  several  modulators  of  BBB  functioning  and  has  demon¬ 
strated  intricate  relationships  between  these  modulators  in  their  effects  on  BBB 
integrity.  Impairments  of  any  element  of  these  chains  of  factors  can  disrupt  BBB 
functioning,  but  the  extent  and  duration  of  such  disruptions  apparently  depend  on  the 
genetics,  health,  and  wellbeing  of  the  involved  organism.  In  the  following,  we  discuss 
these  considerations  as  they  relate  to  the  issue  of  low-level  exposure  to  xenobiotics. 


II.  THE  PHYSICAL  BASIS  OF  BLOOD-BRAIN 
BARRIER  PROPERTIES 

Low-level  exposure  to  xenobiotics  would  first  affect  the  circulation;  to  affect  the 
brain,  the  xenobiotic  must  traverse  the  BBB.  In  certain  cases,  e.g.,  under  exposure  to 
anticholinesterases,  these  agents  interact  with  and  inhibit  the  catalytic  activity  of  their 
target  enzymes,  cholinesterases,  in  peripheral  and  brain  systems  alike.  The  cellular 
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FIGURE  4.1  The  physical  components  of  the  blood-brain  barrier  (BBB):  Within  the  mam¬ 
malian  brain,  blood  vessels  and  microvessels  transverse  the  brain  tissue,  bringing  in  essential 
compounds  and  removing  metabolic  end  products.  The  three  layers  surrounding  the  microves¬ 
sel  lumen  comprise  the  BBB,  including  endothelial  cells  lining  the  blood  vessels,  a  basement 
membrane  surrounding  them,  and  astrocyte  endfeet  separating  these  structures  from  adjacent 
neurons,  some  of  which  interact  with  these  astrocytes  through  contacting  neurites.  Two  types 
of  junctions  connect  endothelial  cells  to  each  other,  tight  and  adherens  junctions. 


components  of  the  BBB  include  the  endothelial  cells  that  line  the  inside  of  brain  cap¬ 
illaries,  the  basement  membrane  surrounding  them,  and  brain  astrocytes,  which  con¬ 
stitute  a  third  layer  separating  these  blood  vessels  from  the  surrounding  brain  tissue. 
Intercellular  BBB  structures  include  adherens  junctions,  which  attach  endothelial 
cells  to  each  other,  as  well  as  the  tight  junctions  that  seal  them.  Within  these  cells,  sur¬ 
face  membrane  proteins  transduce  signals  by  activation  of  specific  kinases,  and  the 
flow  of  information  among  the  several  cell  types  is  affected  by  neuronal  and  astro¬ 
cytic  activities  in  the  brain  as  well  as  by  peripheral  metabolic  changes  and  external 
forces.  Figure  4.1  presents  a  schematic  view  of  these  elements. 

A.  Endothelial  Cells  in  Brain  Vasculature 

Many  have  reported  the  special  properties  of  endothelial  cells  in  brain  vasculature.4 
Small  hydrophobic  molecules  diffuse  across  the  BBB;  large  and/or  hydrophilic  mol¬ 
ecules  may  be  transported  only  if  a  specific  receptor  or  transporter  exists.  Thus,  small 
hydrophobic  molecules  penetrate  the  brain  by  diffusion;  nutrients  such  as  glucose 
and  certain  amino  acids  are  transported  into  the  brain  by  specific  transporters;  and 
several  large  proteins  like  transferrin  are  transcytosed  into  the  brain  via  specific 
receptors. 

To  enable  these  special  properties,  tight  junctions  connect  brain  endothelial  cells, 
so  that  intercellular  transport  is  extremely  limited.5  The  expression  of  P  glycoprotein 
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(the  multi-drug  resistance  mdr  protein)  on  their  surface  membrane  controls  both  pen¬ 
etrance  of  small  molecule  drugs  into  the  brain  and  their  export  from  the  brain. 
Genomic  disruption  of  the  mdrla  (a.k.a.  mdr3)  gene  causes  extreme  drug  sensitivity, 
for  example,  to  ivermectin.6  This  finding  highlights  the  importance  of  active  transport 
mechanisms  for  the  integrity  of  BBB  functioning  and  may  imply  that  cumulative 
exposure  can  modulate  BBB  properties. 

B.  Adherens  and  Tight  Junctions 

A  primary  difference  between  endothelial  cells  of  brain  vasculature  and  the  very  sim¬ 
ilar  cells  that  line  peripheral  blood  cells  relates  to  the  composition  and  properties  of 
the  tight  junctions  between  these  cells. 7~'° 

Adherens  junctions  are  similar  to  the  attachment  structures  of  other  cells  in 
which  their  functions  may  be  more  easily  studied  on  the  molecular  level.  Yeast,  for 
example,  can  express  an  analogue  of  the  adherens  junction,  and  its  assembly  was 
shown  to  depend  upon  the  Ca++-dependent  protein  kinase  pathway.11  Genetic  studies 
in  yeast  are  easy  to  perform,  and  since  yeast  has  a  well-described  genome,  the  dis¬ 
covery  of  the  genes  that  regulate  junction  formation  is  possible,  and  once  the  yeast 
gene  is  known,  it  is  a  relatively  simple  matter  to  discover  its  homologues  in  a  mam¬ 
malian  genome. 

Unlike  adherens  junctions,  which  form  homophilic  intercellular  adhesion  sites, 
tight  junctions  are  complex  structures  recognized  as  being  the  molecular  site  of  peri¬ 
cellular  transport  and  its  regulation.12  In  addition  to  adherens  and  tight  junctions, 
brain  capillary  endothelial  cells  have  transmembrane  receptors  for  matrix  proteins 
(e.g.,  integrins).9  Impairment  of  either  cell-cell  or  cell-matrix  interactions  can  disrupt 
the  BBB,  in  processes  that  parallel  those  of  the  peripheral  endothelium.  However, 
such  impairments  occur  much  less  frequently  in  the  brain. 

Several  proteins,  including  cingulin  and  occludin,  were  shown  to  be  essential  for 
the  function  of  tight  junctions.13'14  More  recently,  junction-associated  proteins  such 
as  Rho  were  reported  to  regulate  tight  junctions  and  perijunctional  actin  organization 
in  polarized  epithelia.15  lunction  proteins  are  physically  linked  to  cytotskeletal  ele¬ 
ments  such  as  actin  or  linking  proteins  like  [3-catenin  in  a  manner  subject  to  modula¬ 
tion  by  phosphorylation  or  dephosphorylation  of  specific  kinases  and  phosphatases. 
This  suggests  a  potential  opening  of  tight  junctions  by  kinase  regulation,  however,  no 
experimental  evidence  is  yet  available  to  demonstrate  such  opening  in  vivo.  Table  4.1 
catalogs  key  proteins  assumed  to  be  associated  with  BBB  junctions. 

C.  Potential  Involvement  of  Acetylcholinesterase 

Like  yeast,  for  nearly  a  century  the  fruit  fly  Drosophila  melanogaster  has  served  as  a 
model  for  genetics  studies.  With  the  introduction  of  genetic  engineering  and  genomic 
databases,  this  has  also  become  a  powerful  tool  for  the  discovery  of  genes  and  gene 
products  that  participate  in  physiological  functions.  The  identification  of  a  physio¬ 
logical  defect  in  the  insect  can  be  quickly  traced  to  a  specific  gene,  and  the  homolo¬ 
gous  sequence  in  the  mammalian  genome  can  then  be  identified,  where  it  then  serves 
as  a  candidate  gene  for  the  similar  function  in  the  mammal.  For  instance,  a  defect  in 
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TABLE  4.1 

Protein  Components  and  Candidate  Components  of  the  Blood-Brain  Barrier 


Component 

Intra/Extra  Cellular1 

Interaction  Partnersb 

Reviewed  in 

7H6  antigen 

Intra  and  extra 

Tight  junction 

10 

Acetylcholinesterase 

Extra 

Neurexin 

16 

Actin 

Intra 

Catenin 

10 

Band  4.1  protein 

Intra 

Cytoskeleton 

16 

Cadherin 

Extra 

Catenin,  pi 20 

10;  17 

CASKc 

Intra 

Neurexin  II  P 

16 

p-catenin 

Intra 

Cadherin,  actin 

10 

Cingulin 

Intra 

Tight  junction 

10 

Gliotactin 

Intra  and  extra 

Neurexin  IV 

16 

ICAM-1 

Extra 

ICAM 

18 

Neuoligin 

Intra  and  extra 

Neurexin  II  p 

16 

Neurexin 

Intra  and  extra 

Neuroligin  1,  CASK 

16 

Nitzin 

Intra 

Cytoskeleton 

16 

Occludin 

Extra 

ZO-1 /ZO-2/p  130 

10 

plOO 

Intra 

Cadhedrin 

10;  19 

pl20 

Intra 

Cadherin/catenin 

10; 17;  19 

p  1 30 

Intra 

Tight  junction,  ZO-1 

10 

PSD-95“ 

Intra 

Neuroligin  1,  NMDA  receptor 

20 

RPTPd 

Intra 

Cadherin/catenin 

10 

Selectin 

Extra 

21 

src 

Intra 

Adherens  junction 

10 

Tyrosine  kinase 

Intra 

ZO-1,  p-catenin 

10 

ZO-1 

Intra 

Tight  junction,  pi 30,  tyrosine  kinase 

10 

ZO-2 

Intra 

Tight  junction 

10 

aBBB  components  may  function  in  extracellular  locations  (extra),  convey  signals  within  intracellular  loca¬ 
tions  (intra),  or  do  both. 

independent  factors  to  which  attachment  has  been  shown  are  separated  by  commas;  aggregates  of  factors 
to  which  attachment  has  been  shown  are  indicated  by  slashes. 

cPost-synaptic  density. 

^Calmodulin-dependent  protein  kinase. 
dReceptor-type  protein  tyrosine  phosphatase. 


the  hemolymph-neuron  barrier,  which  serves  a  function  analogous  to  the  BBB  in 
mammals,  was  shown  to  depend  on  the  structural  and  functional  integrity  of  the  spe¬ 
cial  septate  junctions,  which  seal  this  barrier  in  insect  larva.22,23  Disruption  of  these 
structures  by  genomic  destruction  of  either  of  two  different  genes,  neurexin  IV  and 
gliotactin,  causes  severe  neuronal  sensitivity  to  the  high  concentrations  of  K+  in  the 
hemolymph.  This  leads  to  paralysis  and  death  of  the  developing  insect  larva.  Such 
genomic  disruption  also  impaired  the  subcellular  targeting  of  coracle,  a  band  4.1 
homologue  that  transduces  signals  from  the  cell  membrane  to  the  cytoskeleton. 
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Gliotactin  is  one  of  several  structural  homologues  of  the  acetylcholine-hydrolyzing 
enzyme  acetylcholinesterase  (AChE)  that  were  discovered  in  the  past  decade. 
Gliotactin,  however,  like  the  other  AChE  homologues,  has  no  capacity  for  acetyl¬ 
choline  (ACh)  hydrolysis.  Intriguingly,  AChE  may  compete  with  its  structural  homo¬ 
logues  for  their  cell-cell  interactions.16’24  This  potential  involvement  of  AChE  has 
raised  the  question  of  which  of  the  three  variants,  formed  by  alternative  splicing  of 
the  human  AChE  pre-mRNA,  may  be  involved  in  these  interactions.  These  variants 
are:  AChE-S,  the  synaptic  form,  AChE-E,  the  erythrocyte  form,  and  AChE-R,  a  sol¬ 
uble  monomeric  form  which,  perhaps  significantly  for  BBB  physiology,  has  been 

25 

shown  to  be  over-expressed  under  stress. 

Gliotactin,  like  several  other  AChE  homologues,  is  equipped  with  an  extracellu¬ 
lar  domain,  a  transmembrane  peptide  and  C-terminal  peptide  that  protrudes  into  the 
cytoplasm  and  can  transduce  signals  into  cells.  In  particular,  it  interacts  with  proteins, 
which  modulate  the  cytoskeleton.  Therefore,  these  discoveries  present  the  entire 
series  of  AChE  homologues  and  their  yet  unidentified  binding  partners  as  promising 
candidates  to  participate  in  control  of  the  integrity  of  the  BBB  and  transduction  of 
signals  that  regulate  its  functioning.  The  impressive  conservation  of  these  inter-  and 
intracellular  factors,  and  the  chain  of  interactions  by  which  they  may  affect  cytoskele- 
tal  properties,  suggest  at  a  mechanism  by  which  AChE  levels,  and/or  the  specific 
chemical  properties  of  its  variants,  affect  the  integrity  of  the  BBB.  Kaufer  et  al.26  have 
recently  discovered  a  feedback  process  that  leads  to  AChE-R  accumulation  under 
exposure  to  anticholinesterases.  This  points  to  the  AChE  protein  as  a  modulator  that 
may  be  intimately  involved  in  BBB  disruption  under  exposure  to  such  agents.  That 
no  embryonic  impairment  in  BBB  functioning  is  known  in  mammals  most  likely 
attests  to  the  essential  role  played  by  the  BBB  in  mammalian  embryonic  develop¬ 
ment,  as  early  lethality  of  such  a  mutant  would  preclude  its  discovery.  Figure  4.2 
summarizes  the  evolutionary  conservation  of  the  structural  properties  of  AChE  as 
these  may  be  involved  in  BBB  integrity. 


D.  Signal-Transducing  Elements 

Appropriate  functioning  of  the  BBB  and  its  capacity  to  respond  to  environmental 
insults  evidently  depend  on  fast,  accurate,  and  sensitive  transduction  of  appropriate 
signals  from  the  periphery  into  the  brain  and  vice  versa.  Over  the  past  few  years,  sev¬ 
eral  molecular  components  were  discovered  which  ascertain  such  a  flow  of  informa¬ 
tion  and  ensure  its  reliability.  The  role  of  guanine  nucleotides  in  regulating  BBB 
properties  is  of  special  interest.  Endothelial  capillary  cells  are  polarized,  being  long 
and  flat  structures  linked  by  tight  junctions.  GTP-Binding  Rho  proteins  are  responsi¬ 
ble,  in  these  cells,  for  the  particular  organization  of  the  filamentous  actin  fibers  that 
ensure  their  polarization.15  Further,  transduction  of  intracellular  signals  is  based,  in 
most  polarized  epithelial  cells,  primarily  on  PDZ  domain  proteins.  Named  for  three 
members  of  this  family,  PDZ  proteins  include  the  post-synaptic  density  protein, 
PSD-95,  the  Drosophila  tumor-suppressor  protein,  discs-large  (DlgA),  and  the  tight- 
junction  protein,  ZO-1;  they  are  often  found  at  the  plasma  membrane  and  transduce 
signals  into  the  cell,  affecting  cytoskeletal  organization.27,28  That  this  is  also  the  case 
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FIGURE  4.2  AChE  and  its  structural  homologues  are  potentially  involved  in  BBB  function¬ 
ing.  Shown  are  schematic  drawings  of  membrane  signaling  and  cytoskeletal  components 
which  involve  AChE  and  its  structural  homologues.  (A)  In  the  mammalian  erythrocyte,  gly- 
cophorin  C  is  located  on  the  surface  membrane,  with  one  domain  protruding  into  the  cyto¬ 
plasm.  A  conserved  element  within  this  domain  (starred)  interacts  with  the  band  4.1  protein 
that  serves  as  an  anchor  to  the  cytoskeleton.  Another  region  in  the  cytoplasmic  domain  of  gly- 
cophorin  C  binds  p55,  a  PDZ  protein.  It  is  not  yet  known  whether  the  AChE-E  dimers,  which 
are  anchored  by  a  glycophosphoinositol  moiety  to  the  outer  surface  of  the  erythrocyte  mem¬ 
brane,  are  involved  in  glycophorin’s  role  of  modulating  the  erythrocyte  structure.  (B)  In  mam¬ 
malian  nerve  cells,  the  major  AChE  isoform  is  AChE-S  tetramers.  The  AChE-homologous 
neuronal  membrane  proteins,  neuroligins,  are  expressed  in  the  developing  brain  and  in  excita¬ 
tory  synapses.  At  least  one  of  the  neuroligins,  neuroligin  1,  interacts  with  at  least  one  of  the 
neurexins,  neurexin  II  p,  in  a  Ca++-dependent  manner.  Both  neuroligin  and  neurexin  protrude 
into  the  cytoplasm,  and  both  interact  with  PDZ  proteins  such  as  PSD-95  and  CASK.  Neurexins 
further  associate  with  neuronal  band  4.1  homologues,  like  nitzin,16  creating  a  link  with  the 
cytoskeleton.  Modulation  of  AChE  properties  under  low-level  exposure  to  an  anti¬ 
cholinesterase  (e.g.,  accumulation  of  AChE-R  monomers)  may  therefore  alter  neuroligin- 
neurexin  interactions,  transducing  signals  to  the  neuronal  cytoskeleton.  (C)  In  Drosophila 
septate  junctions,  the  AChE-homologous  protein,  gliotactin,  protrudes  into  the  cytoplasm. 
Another  transmembrane  protein,  neurexin  IV,  shares  with  other  neurexins  an  extracellular 
domain  that  may  interact  with  the  core  domain  module  that  is  common  to  AChE  and  neuroli¬ 
gins.  Neurexin  IV  also  includes  cytoplasmic  glycophorin  C  elements;  these  regions  intact  with 
the  insect  band  4. 1  homologue,  coracle,  as  well  as  with  the  PDZ  protein  dgl  and  the  multi-PDZ 
domain  protein,  disc  lost.  Therefore,  neurexin  IV  interactions  with  either  gliotactin  or  the 
cytoskeleton  are  essential  for  maintaining  septate  junction  integrity.  It  is  not  yet  known 
whether  AChE  itself  (broken-line  structure)  is  expressed  in  these  junctions. 


for  BBB  components  has  recently  been  demonstrated  in  Drosophila  embryos  by 
Bellen  and  co-workers,  who  found  a  third  protein  that  is  essential  for  the  integrity  of 
septate  junctions  formation.29  This  protein,  discs-lost,  uses  multiple  PDZ  domains  to 
interact  with  intracellular  components  in  a  manner  dependent  on  septate  junction 
interactions.  In  general,  PDZ  domains  interact  with  the  carboxy  terminal  end  of  their 
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target  proteins.27  Therefore  a  multi-PDZ  protein  can  aggregate  a  series  of  target  pro¬ 
teins  within  the  cell,  simultaneously  transducing  multiple  signals.  This  enables  an 
extremely  sensitive  biosensor  activity,  as  is  expected  from  a  system  designed  to  pro¬ 
tect  the  brain  from  low-level  exposures. 

E.  Astroycyte  Contributions  to  Blood-Brain 
Barrier  Properties 

Janzer  and  Raff  recognized  the  key  function  of  astrocytes  that  surround  brain  capil¬ 
laries  in  the  dynamic  properties  of  the  BBB.3"  Specific  interactions  between  astrocyte 
endfeet,  which  surround  brain  capillaries,  are  essential  to  ensure  BBB  integrity.  The 
discovery  of  astrocytic  responses  to  altered  ion  (e.g.,  Ca++)  concentrations  in  their 
environment  sheds  new  light  on  the  specificity  of  astrocyte  interactions  and  their 
importance  for  ensuring  BBB  integrity.31  In  a  tissue  co-culture  model,  astrocytes 
were  shown  to  affect  the  integrity  of  the  tight  junctions  between  adjacent  endothelial 
cells.32  More  recently,  astrocytes  were  demonstrated  to  enhance  the  defense  of  capil¬ 
lary  endothelial  cells  against  reactive  oxygen  species.33  Thus,  astrocytes  both  signal 
higher  centers  of  the  brain  that  the  BBB  has  been  disrupted  and  themselves  receive 
signals  from  higher  centers  that  cause  them  to  modulate  the  BBB. 


III.  FUNCTIONAL  CHARACTERISTICS  OF  THE 
BLOOD-BRAIN  BARRIER 

Designed  to  protect  the  brain  from  penetrance  and  accumulation  of  unwanted  mole¬ 
cules  and  cells,  the  BBB  has  distinct  properties  at  central  and  peripheral  structures. 
To  properly  control  the  inward  and  outward  flow  of  constituents  to  and  from  the 
brain,  it  must  sense  the  needs  of  both  the  brain  and  the  peripheral  system.  Therefore, 
both  the  electrophysiological  activity  in  the  brain  and  peripheral  properties  such  as 
blood  pressure  must  affect  BBB  properties.  Similarly,  changes  in  BBB  integrity 
inevitably  affect  brain  functioning;  for  example,  BBB  disruption  will  allow  the  pas¬ 
sage  into  the  brain  of  serum  constituents,  which  are  known  to  affect  neuronal  electric 
activity  (e.g.,  amino  acids).  The  relative  contribution  of  such  agents  to  brain  function 
under  BBB  disruption  awaits  further  investigation. 

A.  Inward  and  Outward  Movement  across  the 

Blood-Brain  Barrier:  Physiological  Considerations 

Blood-brain  barrier  properties  largely  depend  on  the  surrounding  brain  tissue.  This  is 
evident  from  a  recent  study  that  demonstrated  the  development  of  an  intact  BBB  in 
brain  tissue  transplants  in  a  manner  dependent  on  the  site  of  transplantation.  The 
integrity  of  BBB  functioning  is  affected  by  cellular  glutathione  and  is  sensitive  to 
oxidative  stress.35  Neuronal  activity  is  another  important  factor  in  BBB  functioning, 
perhaps  through  the  activation  of  afferent  axons  innervating  brain  microvasculature. 
Indeed,  both  psychotropic  drugs  and  nicotine  impair  dopamine  transport  across  the 
BBB,36  suggesting  that  BBB  functioning  is  affected  by  the  state  of  cholinergic  or 
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dopaminergic  neuronal  activity,  and  that  BBB  integrity  is  imperative  for  preventing 
neurotoxicity  under  exposure  to  dopamine  analogs  (e.g.,  MPTP).37  Thus,  human 
cerebromicrovascular  endothelium  was  shown  to  possess  dopaminergic  receptors 
linked  to  adenylyl  cyclase,  suggesting  signal  transduction  activities.  Adrenergic 
influences  on  BBB  control  were  reported  by  Sarmento  et  al.,38  who  also  demonstrated 
the  influence  of  electrical  stimulation  of  locus  coeruleus  on  the  rat  BBB  permeabil¬ 
ity  to  sodium  fluorescein.  Similar  effects  in  a  cell  culture  model  were  shown  by 

39 

Borges. 

B.  Cholinergic  Involvement  in  Blood-Brain 
Barrier  Functioning 

The  importance  of  ACh  innervation  to  cortical  capillaries  has  been  suggested  on  the 
basis  of  a  body  of  biochemical  and  morphological  data,  and  indicates  the  underlying 
mechanism.  Purified  capillaries  are  capable  of  releasing  ACh  in  a  Ca++-dependent 
mechanism,  in  response  to  K+  depolarization  or  electrical  stimulation.40  Moreover, 
specific  cholinergic  machinery  was  identified  in  isolated  microvessels  from  goat 
cerebral  cortex,  as  demonstrated  by  measuring  AChE  and  choline  acetyl  transferase 
(ChAT)  activities.41  ChAT  activity  in  bovine  cerebral  cortex  capillaries  does  not  orig¬ 
inate  from  the  endothelial  cells,  nor  do  they  release  ACh  in  response  to  electrical 
stimulation.  Rather,  cerebrovascular  ACh  apparently  has  a  neuronal  origin.40  The  ori¬ 
gin  of  the  perivascular  cholinergic  terminals  was  examined  in  rat  brains  in  which  the 
nucleus  basalis  of  Mynert,  accounting  for  70%  of  cortical  ChAT  activity,  was 
lesioned.  No  change  was  observed  in  the  microvessel-associated  ChAT  activity  in  the 
lesioned  animals,  ruling  out  the  basal  forebrain  as  the  origin  of  this  pathway.40  The 
existence  of  released  ACh  hints  at  the  presence  of  receptors  that  respond  to  the  sig¬ 
nal,  and,  indeed,  muscarinic  ACh  receptors  were  identified  in  rat  brain  cortical  capil¬ 
laries.42’43  Taken  together,  all  this  points  to  the  involvement  of  cholinergic  innervation 
of  cerebral  microvessels  in  cerebral  blood  flow  and  BBB  permeability,  which  is  an 
essential  requirement  under  various  physiological  and  pathological  insults.  The 
cholinergic  involvement  in  BBB  functioning  is  particularly  important  under  exposure 
to  cholinesterase  inhibitors  such  as  organophosphates  or  carbamates,  since  these 
induce  a  feedback  response  of  AChE  accumulation,  which  would  lead  to  cholinergic 
hypo-functioning.26,44  Therefore,  AChE  may  affect  BBB  disruption  through  two  inter¬ 
related  mechanisms,  which  involve  its  catalytic  capacity  for  ACh  hydrolysis  or  its 
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structural  resemblance  to  gliotactin,  neuroligins,  or  related  proteins.  ’ 

C.  Pericellular  Cell  Passage  across  Blood-Brain 
Barrier  Structures 

One  of  the  roles  of  the  BBB  likely  involves  protection  of  the  brain  from  invasive  bac¬ 
teria,  viruses,  and  fungi.  However,  when  under  BBB  disruption  any  of  these  parasites 
invades  the  brain,  the  immune  system  must  respond.  This  implies  that  under  certain 
conditions,  lymphocytes  cross  the  BBB  and  reach  those  sites  in  the  brain  where  their 
protective  functions  are  needed.  The  existence  of  tight  junctions  between  endothelial 
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cells  in  brain  vasculature  complicates  this  process  and  requires  specific  signaling  to 
ensure  the  specificity  of  the  pericellular  transport.  Also,  the  endothelial  monolayer 
needs  to  be  re-sealed  once  this  transport  has  been  completed.  A  recent  study  demon¬ 
strates  that  lymphocyte  migration  through  brain  endothelial  cell  monolayers  involves 
signaling  through  endothelial  I-CAM-1  via  a  Rho-dependent  pathway,  thus  expand¬ 
ing  the  list  of  BBB-involved  molecules.18 

Mast  cells  represent  another  cell  type  that  might  penetrate  the  brain  through  BBB 
structures.  This  is  of  considerable  importance  because  of  the  key  role  of  mast  cells  in 
autoimmune  demyelinating  diseases.45-47  When  interacting  with  myelin  basic  pro¬ 
tein,  mast  cells  degranulate  to  induce  by  exocytosis  immediate  demyelination.4  4 
Under  normal  circumstances  mast  cells  are  located  in  leptomeninges  and  are  con¬ 
centrated  along  blood  vessels,  especially  in  dorsal  thalamic  nuclei.  Exposure  to 
steroid  hormones  induces  in  mast  cells  massive  secretion  of,  for  example,  hista¬ 
mine.51  Several  of  the  other  neuromodulators,  neurotransmitters,  and  growth  factors 
secreted  by  mast  cells  can  alter  BBB  properties.52  Using  confocal  microscopy  and 
vital  dyes,  Silverman  et  al.53  very  recently  demonstrated  rapid  penetrance  of  mast 
cells  through  BBB  structures  into  nests  of  glial  processes.  This  transport  may  account 
for  the  rapid  increases  in  mast  cell  populations  after  physiological  manipulations. 

D.  Cell  Culture,  Organ  Systems,  and  Imaging  Approaches 
in  Blood-Brain  Barrier  Research 

The  complexity  and  plasticity  of  BBB  properties  called  for  experimental  dissection 
of  the  disruption  process  in  both  in  vitro  and  in  vivo  conditions.  Multiple  cell  and 
organ  cultures,  animal  models,  and  measurement  techniques  have  been  developed, 
each  of  which  addresses  some  of  the  issues  involved.  The  development  of  research 
into  BBB  characteristics  was  initially  approached  in  avian  embryos,  where  trans¬ 
planted  endothelial  quail  cells  invaded  a  developing  chick  chimera.54  A  simpler  cell 
culture  model  of  the  BBB  was  developed  by  Rubin  and  co-workers.55  More  recently, 
an  immortalized  cell  line  created  from  vascular  endothelial  cells  was  used  to  develop 
another  model  of  the  BBB  in  co-cultures  with  glioma  cells  and  was  used  to  demon¬ 
strate  nitric  oxide-induced  perturbations  of  these  cells.56  In  another  cell  culture 
model,  hypoxia  was  shown  to  increase  the  susceptibility  to  oxidative  stress  and  inter¬ 
cellular  permeability.57 

Measurements  of  Evans  blue  penetrance  proved  useful  in  analyzing  BBB  prop¬ 
erties  in  animal  models.58  Recent  technological  breakthroughs  in  brain  imaging  now 
offer  a  previously  impossible  view  into  the  integrity  of  human  BBB  under  various 
conditions.  Imaging  the  human  brain  is  widely  used  in  the  clinical  and  research  set¬ 
tings  by  two  major  methods:  (1)  computerized  tomography  (CT)  and  (2)  magnetic 
resonance  imaging  (MRI).  In  both  methods,  standard  techniques  use  contrast  agents 
to  enhance  signals  and  unmask  brain  pathologies.  Both  approaches  are  therefore 
aimed  at  delineation  of  the  site,  duration,  and  extent  of  potential  BBB  disruption  in 
CNS  pathologies. 

Iodine  is  the  only  heavy  atom  that  possesses  the  chemical  properties  suitable  for 
intravascular  use  in  CT  analyses.  The  currently  available  iodinated  contrast  agents  are 
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nonionic,  are  highly  hydrophilic,  and  have  low  osmolarity  and  minimal  toxicity.  The 
paramagnetic  atom  gadolinium  (Gd),  with  seven  unpaired  electrons,  forms  a  stable 
complex  with  diethylenetriamine  pentaacetic  acid  (DTPA)  and  is  the  contrast  mater¬ 
ial  used  in  MRL  The  DTPA  complex  is  well  tolerated  and  even  minimal  concentra¬ 
tions  lead  to  marked  shortening  of  its  observed  relaxation  times  and  increase  in  signal 
intensity. 

Both  contrast  agents  normally  do  not  cross  the  BBB.  When  injected  intra¬ 
venously,  neither  Gd  nor  DTPA  affects  BBB  integrity.  In  contrast,  intra-arterial  injec¬ 
tion  of  iodinated  contrast  agents  was  shown  to  disrupt  normal  BBB  functioning  due 
to  both  osmotic  and  chemotoxic  effects  (reviewed  by  Sage  et  al.).59  This  study,  per¬ 
formed  to  determine  the  safety  of  currently  used  contrast  agents,  is  of  considerable 
significance  for  predicting  the  risks  involved  in  low-level  exposure  to  xenobiotics,  as 
it  indicates  that  even  minor  arterial  elevation  of  the  concentration  of  potentially  harm¬ 
ful  agents  may  by  itself  disrupt  BBB  functions. 

In  healthy  individuals  with  normally  functioning  BBB,  CT  and  MRI  contrast 
agents  cannot  accumulate  in  the  extracellular  fluid  of  the  brain  parenchyma. 
Therefore,  brain  structures  are  not  enhanced  and  remain  relatively  transparent  in  the 
imaging  scans.  In  cases  when  the  permeability  of  the  BBB  is  increased  because  of  a 
pathological  process,  the  passage  of  iodinated  agents  (in  CT)  or  paramagnetic  DTPA 
complex  (in  MRI)  leads  to  enhancement  of  signals.  This  occurs  through  X-ray  atten¬ 
uation,  creating  enhanced  brain  images  in  CT  scans,  or  shortening  of  relaxation 
times,  which  results  in  sharper  images  in  MRI.  Such  alterations  in  BBB  penetrance 
may  be  local  or  massive,  reflecting  brain  tumors,  infectious  disease,  or  cerebrovas¬ 
cular  impairments.  Figure  4.3  demonstrates  examples  for  such  imaging  analyses  of 
human  BBB  disruption. 

E.  Transgenic  Engineering  Models  for  Blood-Brain 
Barrier  Studies 

Genetic  manipulations  of  the  molecular  mechanisms  controlling  BBB  functioning 
yield  new  insights  into  the  corresponding  physiological  or  pathological  circum¬ 
stances  and  the  dissection  of  their  effects  on  BBB  integrity.  Several  transgenic  and 
knockout  models  have  unraveled  key  elements  involved  in  BBB  functioning.  These 
included  several  intentional  as  well  as  serendipitous  studies.  Mice  with  a  genetic  dis¬ 
ruption  in  the  mdrla  gene  (multiple  drug  resistance),  encoding  the  drug-transporting 
P-glycoprotein,  which  resides  in  the  BBB,  display  up  to  10-fold  increases  in  their 
dexamethasone  uptake  into  the  brain.60  The  effect  of  cytokine  overproduction  on 
BBB  functioning  was  checked  in  transgenic  mice  that  overexpress  interleukin  3  (IL3) 
or  interleukin  6  (EL6).  The  IL3  transgenics  develop  progressive  demyelination  and 
infiltrated  CNS  lesions  associated  with  BBB  defects.61  The  effects  observed  in  IL6 
transgenics  were  even  more  dramatic:  extensive  breakdown  of  the  BBB  was  evident 
in  the  cerebellum  of  IL6- overproducing  mice,  followed  by  subsequent  inflammation, 
reactive  gliosis,  axonal  degeneration,  and  macrophage  accumulation.62  CuZn-super- 
oxide  dismutase  (SOD)  was  discovered  to  have  protective  effects  against  trauma- 
induced  BBB  disruption,  in  a  model  of  mice  that  overexpress  human  SOD.63  These 
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FIGURE  4.3  Blood-brain  barrier  disruption  as  revealed  by  computerized  tomography: 
A.  Normal  CT  scan,  before  and  after  injection  of  the  enhancement  material,  Omnipaque™. 
Note  the  enhancement  (hyperdense  white)  in  brain  arteries  and  vein  sinuses  (wide  arrows) 
without  penetration  into  the  brain  parenchyma.  B.  A  case  of  multiple  brain  metastases  in  a  41- 
year-old  female  with  a  history  of  breast  cancer.  Following  injection  of  Omnipaque™,  several 
round  white  regions  appear,  reflecting  focal  BBB  disruption  in  the  regions  harboring  tumors 
(thin  arrows). 


mice  were  further  found  to  display  improved  neurological  recovery  following 
traumatic  brain  injury,64  which  emphasizes  the  importance  of  oxidative  stress  in  BBB 
disruption. 


IV.  MODULATORS  OF  BLOOD-BRAIN  BARRIER 
FUNCTIONS  AND  THEIR  INTERRELATIONSHIPS 

Several  considerations  point  to  specific  natural  compounds  and  therapeutic  agents  as 
potential  modulators  of  BBB  functions.  The  rapid  kinetics  of  BBB  transport  impli¬ 
cates  post-translational  control  mechanisms  in  this  process,  simply  because  there  is 
insufficient  time  to  allow  the  slow  transcription  and  translation  processes  to  take 
place.  The  intimate  relationship  with  vasculature  properties  points  to  vasoactive 
agents  as  potential  modulators,  and  the  necessity  for  penetrance  of  cells  from  the 
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immune  system  suggests  the  involvement  of  immunomodulators.  These,  and  drug 
transporters,  should  all  communicate  with  the  complex  array  of  molecules  and  cellu¬ 
lar  structures  that  together  compose  the  BBB. 

Kinase  cascades,  universal  pathways  for  rapid  signal  transduction  in  numerous 
biological  processes,  were  naturally  investigated  for  their  potential  relevance  to  BBB 
functioning.  To  regulate  BBB  properties,  such  kinase  cascades  should  be  induced  in 
the  various  cell  types  that  comprise  the  BBB.  This  prediction  is  verified  by  the  find¬ 
ing  that  a  pituitary  adenylyl  cyclase-activating  polypeptide  is  successfully  trans¬ 
ported  across  the  BBB,  preventing  the  ischemia-induced  death  of  hippocampal 
neurons.65  The  next  logical  step  in  this  kinase  cascade  is  tyrosine  phosphorylation, 
which  may  increase  tight  junction  permeability.66  That  such  phosphorylation  is 
actively  involved  in  regulating  BBB  transport  processes  is  evident  from  findings  of 
phosphorylation  of  endothelial  Na-K-Cl  co-transport  protein  under  changes  in  tonic¬ 
ity  and  hormones.67 

A.  Nitric  Oxide  and  Vasoactive  Agents  Involvement 

A  primary  mediator  that  was  demonstrated  to  participate  in  meningitis-induced  BBB 
disruption  is  nitric  oxide  (NO).  NO  is  produced  in  response  to  exposure  to  bacterial 
endotoxins  by  the  host  endothelial  cells.  In  an  animal  model  of  lipopolysaccharide- 
induced  meningitis,  BBB  disruption  and  NO  production  sites  in  the  brain  co-local- 
ized,68  and  NO-synthase  inhibitors  reduced  the  meningeal-associated  alterations  in 
BBB  permeability.69  NO  is  likely  produced  by  astrocytes,  and  it  decreases  endothe- 
lin-1  secretion  by  brain  microvessel  endothelial  cells.70,71 

Agents  that  regulate  vasoactive  processes,  such  as  bradykinin  and  angiotensin, 
were  shown  to  effect  biochemical  opening  of  the  BBB.72  In  tissue  culture  experi¬ 
ments,  such  agents  were  further  demonstrated  to  modulate  tight  junction  structures  in 
BBB  endothelial  cells  co-cultured  with  astrocytes.32  In  cultured  A431  cells,  the  sig¬ 
naling  cascade  induced  by  these  agents  was  shown  to  involve  tyrosine  phosphoryla¬ 
tion  and  reorganization  of  the  tight  junction  protein  ZO-1,  processes  that  are  also 
mediated  by  epidermal  growth  factor- 1  (EGF1).73 

B.  Immunomodulators  and  Multi-Drug  Transporters 

The  passage  of  immunomodulators  across  the  BBB  has  been  the  subject  of  much 
research  activity,  especially  because  of  the  known  impairment  in  BBB  functioning  in 
autoimmune  diseases  such  as  multiple  sclerosis  (MS).74  It  is  generally  considered  that 
basic  mechanisms  of  brain  inflammation  involve  massive,  yet  transient,  disruption  of 
BBB  functioning  that  plays  an  important  role  in  the  acute  episodes  of  several  autoim¬ 
mune  diseases.75  This  may  indicate  that  individuals  with  an  inherited  susceptibility  to 
autoimmune  responses  are  a  high-risk  group  for  low-level  exposure  to  xenobiotics. 

The  mdral  genomic  disruption  studies  noted  above  have  pointed  to  this  multi¬ 
drug  transporter  protein  as  a  rate-limiting  factor  in  the  bidirectional  transport  of  drugs 
across  the  BBB.  This  finding  explained  the  drug-induced  neurotoxicity  under 
chemotherapy  and  opens  interesting  options  for  developing  BBB-regulating  drugs. 
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Interestingly,  the  mouse  mdrla  gene  is  also  the  earliest  known  endothelial  cell  dif¬ 
ferentiation  marker  during  BBB  development.76 

V.  CONDITIONS  INDUCING  BLOOD-BRAIN 
BARRIER  DISRUPTION 

The  pathophysiological  origin  of  BBB  impairments  is  of  major  clinical  interest  for 
several  reasons.  Impairment  is  dangerous,  as  it  may  cause  extreme  susceptibility  to 
adverse  drug  responses,  which  would  necessitate  individualized  drug  dosage;  how¬ 
ever,  breaching  the  barrier  is  sometimes  useful  to  enable  delivery  of  needed  drugs  to 
the  brain  (for  example,  under  bacterial,  fungal,  or  viral  brain  infection,  or  in  cases  of 
malignant  brain  tumors). 

A.  Pathophysiological  Induction  of  Blood-Brain 
Barrier  Penetrance 

Several  diseases  are  known  which  are  associated  with  BBB  disruption.  These  include 
brain  tumor  metastases;  epilepsy  and  the  more  severe  condition  of  status  epilepticus; 
cerebrovascular  disorders;  autoimmune  diseases  such  as  multiple  sclerosis;  acute 
cerebral  infarcts;  meningeal  carcinomatosis;  and  ischemic  white  matter  lesions.77'84 
Several  genetic  polymorphisms  are  known  which  increase  the  susceptibility  to  BBB 
disruption.  These  include  polymorphisms  in  glutathione  transferase,  important  for 
protection  against  oxidative  stress,85  and  malfunctioning  variants  of  serum  BChE 
(e.g.,  “atypical”  BCHE)*6  In  particular,  such  mutations  increase  the  risk  of  BBB  dis¬ 
ruption  that  is  involved  with  exposure  to  anticholinesterases  or  to  lead  sulfate  batter- 
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ies,  with  subsequent  increased  risk  for  Parkinson’s  disease. 

Disruption  of  the  BBB  was  reported  in  MS  patients  examined  by  contrast- 
enhanced  MRI.89  Blood-brain  barrier  disruption  in  MS  patients  was  suggested  to  be 
the  initial  event  in  the  development  of  the  brain  lesions  that  are  characteristic  of  the 
advanced  stages  of  this  disease.90  It  correlates  with  the  severity  of  symptoms,  and  an 
earlier  age  of  the  disease  onset9'  Another  pathological  condition  in  which  BBB 
breakdown  was  demonstrated  is  epilepsy.  Disruption  was  demonstrated  by  comput¬ 
erized  tomography  (CT)  in  a  patient  following  generalized  seizure  and  by  Evans  blue 
penetration  in  a  rat  model  of  pentylentetrazol-induced  seizures. 

Cerebrovascular  pathologies  are  abundant  in  Alzheimer’s  disease  (AD)  and  are 
demonstrated  by  changes  in  the  endothelium,  amyloid  depositions  in  the  cerebral 
blood  vessels,  and  disruption  of  the  BBB.94  A  possible  mechanism  that  underlies  this 
phenomenon  may  be  drawn  from  in  vitro  studies  using  a  BBB  model  of  a  monolayer 
of  vascular  endothelial  cells.  Amyloid  0-peptide,  which  deposits  in  plaques  of  AD 
patients,  induced  in  these  cells  permeability  to  albumin  and  apoptotic  cell  death.95 
The  potential  clinical  relevance  of  this  finding  was  emphasized  by  intracarotid  infu¬ 
sion  of  amyloid  0-peptide,  which  resulted  in  BBB  damage.96 

BBB  disruption  has  also  been  reported  for  CNS  infections,  primarily  in  menin¬ 
gitis,  where  it  is  used  as  a  differential  diagnostic  tool.  In  an  acute  cytokine-induced 
mouse  model  of  meningitis,  endothelial  selectins  (glycoproteins  involved  in 
cell  adhesion)  were  demonstrated  to  contribute  toward  the  disruption  of  the  BBB.21 
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HIV-1  infection  of  the  CNS  was  also  suggested  to  involve  a  component  of  chronic 
brain  tissue  inflammation  and  BBB  disruption,  resulting  in  neuronal  injury  and  death, 

97 

which  lead  to  cognitive,  motor,  and  behavioral  impairments. 

B.  Blood-Brain  Barrier  Disruption  Following 
Acute  Insults 

Blood-brain  barrier  disruption  following  ischemia  is  well  documented.  Carotid  artery 
occlusion,  followed  by  reperfusion  resulted  in  transendothelial  leakage  of  a  marker 
horseradish  peroxidase  in  the  hippocampus.98  Unilateral  BBB  permeabilization  in  the 
cortex  and  striatum  subregions  was  demonstrated  in  a  rabbit  model  of  ischemic  hemi¬ 
sphere  using  contrast-enhanced  MRI."  Extreme  temperature  changes  appear  to  be  an 
additional  factor  influencing  BBB  integrity,  as  both  cold  and  heat  stress  impair  it. 
Cold  injury  in  mice  induced  the  penetrance  of  Evans  blue,  immediately  following  the 
injury,  with  reversal  to  the  normal  situation  of  intact  BBB  only  24  h  post-injury.  In 
a  milder  model,  infusion  of  hypothermic  saline  into  the  left  carotid  artery  of  rats 
resulted  in  disruption  of  the  BBB  in  the  left  hemisphere,  which  did  not  occur  with  a 
normothermic  solution.93  The  effects  of  hyperthermia,  on  the  other  hand,  were 
checked  in  a  model  of  local  heating  of  a  rat’s  head.  BBB  opening  was  observed  from 
6  h  to  3  days  post-injury.101  Similar  results  were  noted  in  rats  that  were  exposed  to 
general  heat  stress  (38°C)  for  4  hours.102  The  involvement  of  the  NO  pathway  in  this 
phenomenon103  was  indicated  by  the  up-regulation  of  neuronal  NO  synthase  activity, 
which  coincided  with  BBB  breakdown  in  distinct  brain  regions.1 

Traumatic  brain  injury,  simulated  by  a  model  of  closed  head  injury  to  mice,  had 
also  been  shown  to  result  in  disruption  of  the  BBB.105  The  temporal  resolution  of  this 
disruption  was  monitored  by  MRI  in  rats  subjected  to  closed  head  injury.  Blood-brain 
barrier  disruption  appeared  immediately  after  the  impact,  and  declined  gradually, 
until  full  reversal  to  control  levels  30  min  post-injury.106  Opening  of  the  BBB  was 
similarly  demonstrated  in  response  to  acute  anticholinesterase  exposure,  however, 
low-level  exposure  has  not  yet  been  tested.  BBB  disruption  under  anticholinesterase 
exposure  was  proven  to  be  seizure-dependent,  as  it  could  be  blocked  by  the  use  of 
anticonvulsant  agents.107  The  anticholinesterase  effect  on  BBB  ultrastructure  did  not 
impair  endothelial  tight  junctions.  Yet,  an  increased  number  of  endothelial  vesicles 
were  observed,  suggesting  increased  transcytosis  as  the  mechanism  involved. 

C.  Psychological  and  Physical  Stressors  Impair 
Blood-Brain  Barrier  Functioning 

Friedman  et  al.58  have  demonstrated  enhanced  brain  penetrance  under  psychological 
stress  of  relatively  small  molecules  such  as  anticholinesterases,  as  well  as  larger  dye- 
protein  complexes  and  DNA  plasmids.  This  stress-induced  process  putatively 
explains  some  of  the  nervous  system-associated  sequelae  reported  by  Gulf  War  vet¬ 
erans,  who  were  exposed  to  unknown  doses  and  combinations  of  potentially  harmful 
xenobiotics,  particularly  anticholinesterases.  The  anticipated  chemical  warfare 
agents  would  have  irreversibly  blocked  AChE.  For  prophylactic  protection  from  these 
agents,  Gulf  War  soldiers  were  administered  pyridostigmine,  a  reversible  carbamate 
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cholinesterase  inhibitor  which  has  a  quaternary  ammonium  group  that  under  normal 
circumstances  prevents  its  transport  across  the  BBB.  Pyridostigmine  is  routinely  used 
to  treat  peripheral  neuromuscular  junction  deficiencies  in  myasthenia  gravis 
patients,109  and  was  shown  to  cause  mild,  primarily  peripheral  side  effects  during 
peacetime  clinical  tests  in  healthy  volunteers.110  However,  pyridostigmine  use  during 
the  Gulf  War  caused  a  significant  increase  in  reported  CNS  symptoms.  Similarly,  in 
animal  experiments  the  dose  of  pyridostigmine  required  to  block  50%  of  brain  AChE 
in  stressed  mice  was  found  to  be  100-fold  lower  than  that  required  in  non-stressed 
mice,  indicating  a  breakdown  of  the  BBB.58  More  recently,  heat  stress,  even  extreme, 
reportedly  failed  to  induce  penetration  of  pyridostigmine  into  the  brain  of  guinea 
pigs.1"  That  BBB  disruption  depends  on  the  status  of  neuronal  activity  in  a  brain- 
region  specific  manner  was  demonstrated  in  a  study  that  compared  stress-induced 
increase  in  BBB  permeability  in  control  and  monosodium  glutamate-treated  rats, 
which  reported  increased  BBB  disruption  in  the  hypothalamus  and  decreased  in  the 
brain  stem,  as  compared  with  control  animals."2  Other  reports  demonstrate  AChE 
overproduction  in  response  to  anticholinesterase  exposure  and  to  increases  in  inter¬ 
leukin  l.26'"3-"4  Therefore,  a  long-term  outcome  of  low-level  exposure  to  an  anti¬ 
cholinesterase  may  be  a  hypocholinergic  state,  due  to  entry  of  the  agent  into  the  brain, 
and  the  induction  of  AChE  expression  and  excessive  AChE-R  accumulation. 

D.  Blood-Brain  Barrier  as  a  Complex  Trait  with  Genetic 
and  Physiological  Components:  Prospects 

Blood-brain  barrier  properties  are  probably  a  complex  genetic  trait,  in  which  the  cor¬ 
relation  of  genotype  to  phenotype  is  difficult  to  dissect.  Such  a  trait  is  termed  com¬ 
plex  or,  if  the  phenotype  is  measured  through  a  continuous  variable,  a  quantitative 
trait.  In  certain  cases,  complex  traits  induce  a  susceptibility  to  a  disease  that  depends 
upon  environmental  conditions.  One  example  is  the  extreme  adverse  response  to  pyri¬ 
dostigmine  treatment  during  the  Gulf  War  that  was  found  in  a  homozygous  carrier  of 
the  “atypical”  BCHE  variant.  The  BCHE,  with  minor  expression  in  the  brain,  gene 
encodes  the  butyrylcholinesterase  (BChE,  a.k.a.  serum  cholinesterase),  that 
sequesters  anticholinesterases  such  as  pyridostigmine  and  prevents  their  reaction 
with  AChE.86  However,  “atypical”  BChE  is  incapable  of  binding  pyridostigmine. 
Hence,  homozygous  carriers  of  this  variant  are  at  risk  for  extremely  adverse 
responses,  especially  under  the  stress  associated  with  war,  to  pyridostigmine  doses  in 
the  circulation  that  would  not  affect  individuals  with  normal  BCHE.  Therefore,  the 
indirectly  related  BCHE  gene  becomes  an  important  consideration  for  BBB  disrup¬ 
tion  under  the  combination  of  stress  and  anticholinesterase  exposure. 

Loci  in  the  genome  that  affect  traits  that  may  be  quantified  are  called  quantita¬ 
tive  trait  loci  (QTL).  Since  many  complex  traits  can  be  measured  through  a  continu¬ 
ous  variable  (e.g.,  anxiety  through  cortisol  measurements,  Alzheimer’s  disease 
through  cognition  tests),  QTL  may  serve  as  a  general  term  for  complex  traits. 
Although  the  identification  of  QTL  in  humans  and  in  model  organisms  is  in  its 
infancy,  the  QTL  paradigm  fits  BBB  properties  from  many  points  of  view.  Thanks  to 
the  human  genome  project  and  the  development  of  related  technologies,  the  detection 
of  BBB  genes  will  soon  be  aided  by  high-density  single  nucleotide  polymorphism 
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(SNP)  marker  maps,  which  will  allow  population-based  studies  of  greater  signifi¬ 
cance  than  the  current  family-based  studies.  The  human  genome  project,  soon  to  be 
completed,  will  further  provide  important  information  on  the  sequence  of  all  of  the 
relevant  genes  and  the  homologies  of  their  protein  products.  However,  even  with  all 
the  genome  sequenced,  significant  additional  work  to  assess  functionality  will  be 
required.  Expression  analysis  of  endothelial  cell  genes  through  high-density 
microchip  arrays  will  provide  an  independent  dimension  to  increase  the  efficiency 
and  efficacy  of  the  QTL  aspects  of  BBB  research.  Comparative  genetics  will  also 
bring  essential  insights  for  functional  determination.  Finally  bioinformatics  and  the¬ 
oretical  developments  emerging  from  it  will  allow  integration  of  all  the  various 
aspects  of  this  multidisciplinary  field  to  achieve  the  appropriate  results.  All  of  these 
efforts  together  will  be  needed  to  shed  more  light  on  the  issue  of  BBB  properties. 

VI.  SUMMARY 

A  comprehensive  survey  of  the  recent  literature  reveals  an  increasingly  complex  col¬ 
lection  of  BBB  constituents  and  functions.  For  example,  under  low-level  exposure  to 
anticholinesterases,  BBB  integrity  may  be  compromised  because  of  four  interrelated 
processes: 

1.  Anticholinesterase  blockade  of  the  ACh  hydrolytic  capacity  of  AChE 
induces  a  short-term  hypercholinergic  activation  in  the  brain,  leading  by  a 
rapid  yet  long-term  feedback  process  to  accumulation  of  an  excess  of 
AChE-R  and  modification  of  the  cholinergic  status  in  a  manner  affecting 
BBB  properties  at  a  later  phase. 

2.  Anticholinesterase-AChE  interactions  may  modify  the  flexible  3-dimen- 
sional  structure  of  the  AChE  protein  and  change  its  capacity  to  compete 
in  protein-protein  interactions  with  its  non-neuronal  signal  transduc¬ 
ing  homologues  (e.g.,  gliotactin),  or  its  neuronal  homologues,  like  neu- 
roligin.  This  could  alter  astrocyte  or  neuron  properties  that  control  BBB 
functioning.115 

3.  Anticholinesterase-induced  AChE-R  may  differ  from  the  normally  present 
AChE-S  in  its  ability  to  affect  BBB  integrity.  Therefore,  the  combination 
of  AChE’s  catalytic  and  structural  properties  with  the  anticholinesterase- 
induced  feedback  response  would  have  a  more  dramatic  effect  on  BBB 
properties  than  would  any  of  these  processes  alone. 

4.  In  individuals  prone  to  adverse  responses  to  stress  stimuli,  all  of  the  above 
processes  may  be  exacerbated  in  a  complex  manner,  combining  genetic 
and  physiological  mechanisms. 

Blood-brain  barrier  disruption  would  affect  brain  functioning  because  of  pene¬ 
trance  of  the  brain  by  peripheral  compounds  that  may  modulate  the  properties  of  glia 
and  neurons.  Therefore,  the  consequences  of  breaching  the  BBB,  even  for  a  short 
duration  and  in  a  limited  area,  may  persist  for  long  periods  and  involve  larger  brain 
areas.  In  an  era  when  breakthroughs  in  molecular  genetics  that  allow  a  previously 
unimagined  dissection  of  biological  processes,  and  with  technological  developments 
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that  provide  a  dynamic  real-time  view  of  brain  functions,  the  BBB  represents  a  med¬ 
ical  and  scientific  frontier  awaiting  exploration. 
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